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Lesion Detection and Analysis Using Optical Imaging

Viktor Dremin 1,2

1 Research & Development Center of Biomedical Photonics, Orel State University, 302026 Orel, Russia;
v.dremin1@aston.ac.uk

2 College of Engineering and Physical Sciences, Aston University, Birmingham B4 7ET, UK

The biomedical application of optical spectroscopy and imaging is currently an active,
developing area of research, supported by recent technical progress in the development of
light sources and detectors. Furthermore, the development of portable and low-cost optical
imaging systems shows strong potential for the implementation of these technologies
in everyday life and the daily practice of clinicians. In recent years, many studies have
demonstrated that the use of modern optical imaging methods in conjunction with a priori
data, as well as advanced data mining approaches, can significantly improve the quality of
the medical diagnostic services provided [1,2].

The probing radiation of optical diagnostic methods is scattered due to random spa-
tial variations in tissue morphology. Detection of diffuse reflected or transmitted light
can provide information on the scattering and absorbing components of biological tis-
sue. Changes in tissue morphology, including hyperplasia, collagen degradation in the
extracellular matrix, and an increase in the nuclear–cytoplasmic ratio associated with the
progression of various diseases, can affect the scattering signals. In addition, changes in
hemoglobin-absorbing properties can assist with angiogenesis processes, the presence of
tissue hypoxia and ischemia, etc. At the same time, incident radiation can excite biological
tissue molecules, causing fluorescent radiation. Most endogenous fluorophores are associ-
ated with the morphology of the tissue or with various metabolic processes responsible
for the functional state of the tissue. Mitochondrial function is an important parameter of
tissue viability. According to indicators of respiratory chain activity, it is possible to predict
cell death, diagnose tissue ischemia, or, on the contrary, talk about its malignant activity.
Additionally, the dynamic change of scattering centers of biological tissues probed by laser
radiation leads to the formation of speckle fields, the study of which makes it possible to
obtain perfusion (blood flow) maps in various anatomical areas. Thus, biophotonic meth-
ods can provide unique opportunities for structural and functional analysis of biological
tissues, as well as for early and non-invasive diagnosis and monitoring of the effectiveness
of therapy in various diseases [1].

Biophotonics has broad prospects for development, since relatively cheap optical tech-
nologies allow images to be obtained and human tissues and organs to be influenced in real
time with micron resolution and without the use of ionizing radiation. These technologies
have found numerous applications in scientific research and clinical practice: dynamic light
scattering methods (laser Doppler flowmetry [3,4], laser speckle contrast imaging [5,6], dif-
fusing wave spectroscopy [7]); diffuse reflectance spectroscopy and visualization, including
hyperspectral imaging [8,9]; fluorescence spectroscopy and visualization including lifetime
measurements [10,11]; polarimetry [12,13]; videocapillaroscopy [14,15]; optical coherence
tomography [16]; THz spectroscopy [17]; various microscopy techniques [18], etc. Modern
laboratory and clinical studies show that the use of these instrumental approaches based
on the registration of optical irradiation makes it possible to study various diseases from
the cellular to the organismal level. Many of the mentioned methods have already reliably
occupied their niches in everyday biomedical practice, such as pulse oximetry, optical
coherence tomography, indocyanine green fluorescent imaging, and various microscopy
realizations. However, further improvements in various optical technologies and their
application methodology are still required prior to their large-scale implementation.

Diagnostics 2023, 13, 1565. https://doi.org/10.3390/diagnostics13091565 https://www.mdpi.com/journal/diagnostics
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This Special Issue is one of many small steps on this long and fascinating journey. It
highlights the advantages and unique features of using optical diagnostic technologies for
the detection and analysis of lesions. The articles discuss the development and application
of optical methods, expanding the current diagnostic capabilities of various diseases, and
other aspects of spectroscopy and imaging in biology and clinical practice.

In a case study [19], Y. Goh et al. demonstrated the potential of photoacoustic imaging
(PA) as a supplement to ultrasound (US) to increase the reliability of lipoma diagnosis.
In this case, the authors showed that, using PA, it is possible to study the biochemical
characteristics of fat necrosis. PA can identify the “mass-like” hypoechoic areas on US
images as fat-containing, rather than fat-replacing. PA provided information on liquefied
necrotic fat from cystic degeneration and fibrosis around the cavity. Therefore, the new
biochemical information on fat and collagen content provided by PA can help to recognize
ambiguous US results and increase confidence in the diagnosis of fat necrosis.

Several studies in this Special Issue concentrate on the application of Raman spec-
troscopy in combination with other techniques. Y. Khristoforova et al. combined patient
data with Raman and autofluorescence spectral characteristics to better identify skin tu-
mors (melanoma, basal cell carcinoma, squamous cell carcinoma and different benign
tumors) [20]. The spectral characteristics of the tumors and patient data were used to con-
struct classifiers based on projection on latent structures and discriminant analysis. Gender,
age, and tumor location were found to be significant to the classification of malignant
versus benign neoplasms. S. Al-Shareefi et al. applied Raman spectroscopy in dentistry
and demonstrated that this method can detect changes in the content of minerals and the
collagen matrix in various carious areas [21]. The caries-infected dentin showed a low
phosphate peak and higher amide I, III and C-H bond peaks. The amide peaks (I, III) varied
in occlusal lesions, as opposed to proximal. Additionally, there was a significant correlation
between the mineral:matrix peak ratio and the equivalent Vickers microhardness number
within carious lesions.

J. Sachs et al. evaluated the possible impact of dual-energy computed tomography
(DECT) on cataract formation [22]. The authors studied the attenuation of X-ray radiation
via the crystalline lens, considering clinical and demographic data. The authors concluded
that the lens of women and people of color had a higher attenuation during DECT, which
may indicate a higher density or increased calcium concentration and a high probability of
cataract formation.

P. Glazkova et al. studied the possibilities of incoherent optical fluctuation flowmetry
(IOFF) to analyze the perfusion of foot tissues in patients with diabetes mellitus [23]. Perfu-
sion in foot tissues was also assessed using transcutaneous oxygen pressure measurements
(TcPO2) as a reference standard. The high correlation coefficients were shown between
the measurements of the perfusion parameters using IOFF and TcPO2. This study demon-
strates that the IOFF method allows the identification of patients with a critical decrease in
TcPO2 < 20 mmHg with sensitivity and specificity of 85.7% and 90.0%, respectively.

The work of E. Zharkikh et al. focuses on studying microcirculation features in
patients who underwent COVID-19 using novel wearable laser Doppler flowmetry (LDF)
devices [24]. In patients undergoing rehabilitation after contracting COVID-19, a decrease
in skin perfusion and changes in the amplitude–frequency behavior of the LDF signal were
found. The data obtained confirmed the presence of microcirculatory dysfunction for a
long period after recovery from COVID-19.

In a study by E. Cinotti et al., the use of line-field confocal optical coherence tomogra-
phy (LC-OCT) for the diagnosis of skin cancer was demonstrated [25]. LC-OCT is a new
non-invasive imaging technology that combines the benefits of optical coherence tomogra-
phy and reflectance confocal microscopy in terms of spatial resolution, penetration depth
and image orientation, overcoming their corresponding disadvantages and limitations.
Considering different types of skin malignant tumors (basal cell carcinoma, squamous cell
carcinoma, melanoma), a statistically significant increase in specificity was obtained from
0.73 for dermoscopy to 0.87 for LC-OCT. At the same time, the sensitivity was similar for
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the two imaging methods (0.95). The increased specificity was mainly due to LC-OCT’s
ability to differentiate basal cell carcinoma from other malignancies.

Two studies were devoted to the use of diffuse reflectance spectroscopy (DRS). V.
Perekatova et al. reported on the comparative study of self-calibrating and single-slope
DRS in terms of stability against various measurement disturbances [26]. The authors de-
signed an experimental setup for DRS in a wide spectral range (from VIS to NIR), including
a fiber-optic probe with two fibers for delivery and two used to receive light. This setup
was capable of measuring with both single- and dual-slope (self-calibrating) approaches.
The resistance of self-calibrating and traditional single-slope approaches to different instru-
mental disturbances was studied in phantom and in vivo experiments in human skin. The
new method showed high stability to instrumental disturbances introduced into the source
and detection channels, while the traditional single-slope approach demonstrated stability
only to perturbations in the source channels.

In another study [27] A. Selifonov et al. used spectrophotometry measurements of
diffuse reflectance and total transmittance in a wide spectral range (from 200 to 800 nm) to
analyze the optical and molecular diffusion properties of cat ovarian tissues in the follicular
and luteal phases using glycerol as an optical clearing agent. The authors found that the
efficiency of optical clearing was significantly lower for the ovaries in the luteal phase
compared with the follicular phase. The authors claim that the ability to recognize the
phase in which the ovaries are stated, using their approach, could be useful in the context
of cryopreservation, new reproductive technologies and ovarian implantation.

Finally, I. Zlotnikov et al. demonstrated the use of confocal laser scanning microscopy
(CLSM) and Fourier-transform infrared spectroscopy (FTIR) to study the interactions of
antibacterial drugs with bacterial cells [28]. More specifically, using these optical techniques,
the authors studied the efflux effect of drug molecules from E.coli bacterial cells. It was
demonstrated that eugenol, which acts as an adjuvant to rifampicin, significantly increased
the penetration of the antibiotic and the maintenance of its intracellular concentration. In
addition, optical methods were used to study bacteria localized inside macrophages, where
the availability of bacteria for antibiotics is reduced, and an approach for effective drug
delivery inside macrophages was demonstrated.

Thus, this Special Issue contains new developments and advanced ideas pertaining to
optical spectroscopy and imaging for active translation to biological and clinical practice.
The published manuscripts provide new insight into state-of-the-art modern methods of
biomedical optics and expand readers’ knowledge of the possible areas of their application.

The peculiarity of biophotonics is that it combines physics, biology and medicine.
The interdisciplinarity of biophotonics allows scientists from different fields to unite and
collaborate to solve complex problems. Biophotonics and related fields are continuously de-
veloping and will undoubtedly become the main avenue for the development of biomedical
engineering in the coming decades.

Funding: The work was supported by the Russian Science Foundation under the project No. 22-75-10088.

Conflicts of Interest: The author declares no conflict of interest.
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Photoacoustic Tomography Appearance of Fat Necrosis: A
First-in-Human Demonstration of Biochemical Signatures along
with Histological Correlation

Yonggeng Goh 1,†, Ghayathri Balasundaram 2,†, Hui Min Tan 3, Thomas Choudary Putti 3, Celene Wei Qi Ng 4,

Eric Fang 1, Renzhe Bi 2, Siau Wei Tang 4, Shaik Ahmad Buhari 4, Mikael Hartman 4, Ching Wan Chan 4,
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4 Department of Breast Surgery, National University Hospital, 5 Lower Kent Ridge Road,
Singapore 119074, Singapore

* Correspondence: malini_olivo@ibb.a-star.edu.sg (M.O.); swee_tian_quek@nuhs.edu.sg (S.T.Q.);
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† These authors contributed equally to this work.

Abstract: A 50-year-old woman with no past medical history presented with a left anterior chest
wall mass that was clinically soft, mobile, and non-tender. A targeted ultrasound (US) showed
findings suggestive of a lipoma. However, focal “mass-like” nodules seen within the inferior portion
suggested malignant transformation of a lipomatous lesion called for cross sectional imaging, such as
MRI or invasive biopsy or excision for histological confirmation. A T1-weighted image demonstrated
a large lipoma that has a central fat-containing region surrounded by an irregular hypointense rim in
the inferior portion, confirming the benignity of the lipoma. An ultrasound-guided photoacoustic
imaging (PA) of the excised specimen to derive the biochemical distribution demonstrated the “mass-
like” hypoechoic regions on US as fat-containing, suggestive of benignity of lesion, rather than
fat-replacing suggestive of malignancy. The case showed the potential of PA as an adjunct to US in
improving the diagnostic confidence in lesion characterization.

Keywords: photoacoustic; lipoma; ultrasound; MRI

Fat necrosis, or cell death of adipose tissue, is a common benign condition that occurs
from the lack of oxygen supply to adipose tissue [1]. As common causes include trauma
or post-surgical changes [2], fat necrosis often presents as a palpable soft tissue mass at
superficial regions [3].

Ultrasound (US) is the first-line imaging tool for these superficial lesions, but imaging
appearances are extremely varied [4] due to the age of the lesion, which manifests as
varying degrees of hardening, fibrosis, and degeneration. This often results in a diagnostic
dilemma, which necessitates further cross-sectional imaging or invasive procedures, such
as biopsy or excision for histological confirmation (Figures 1 and 2). There is, hence, an
unmet clinical need for an adjunct imaging modality to US to improve diagnostic capability.
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Figure 1. A 50-year-old woman with no past medical history presented with a left anterior chest
wall mass. Clinically, the mass was soft, mobile, and non-tender. (A): US image of the left anterior
chest wall mass shows a wider than tall mass with well-circumscribed margins (bold arrows). It
contains internal fat echogenicity and is in keeping with a fat-containing lesion (i.e., lipoma). Within
the inferior portions (dotted arow), there are focal “mass-like” hypoechoic nodules seen, which are
surrounded by a hyperechoic capsule. (B): Doppler US of the focal “mass-like” nodules performed,
demonstrated mild increased peripheral vascularity around the hyperechoic capsule but no increased
vascularity within the hypoechoic “mass-like” nodules. Findings were indeterminate for malignant
change of a lipomatous lesion.

 

Figure 2. MRI of left anterior chest wall. MRI was performed for the patient in view of possible
malignant change (A): Axial T1w image of the left anterior chest wall mass shows a fat-containing
lesion in the left anterior chest wall (bold arrows) in keeping with a lipoma. Within the inferior
portion, there are fat-containing areas on MRI, which are surrounded by T1w hypointense irregular
bands (dotted arrows). (B): These irregular T1w hypointense bands show enhancement on the post
contrast enhanced image. (C): Sagittal post contrast enhanced image shows similar findings of
irregular rim enhancement around a focal fat-containing central component within inferior portions
of the lipoma.

Photoacoustic (PA) tomography, a hybrid optical imaging modality, is based on the
light-induced ultrasound waves providing the contrast of optical imaging combined with
the high spatial resolution of ultrasound [5]. Its ability to provide the distribution of
endogenous chromophores, such as blood oxygenation [6], water [7], lipid [7–10] and
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recently collagen [11,12], makes it attractive as a potential adjunct tool to various aspects
of ultrasound. This is particularly useful in regions abundant with these chromophores,
such as superficial soft tissues and the breast, or in fat-containing and fibrotic/necrotic
conditions, such as fat necrosis. However, these theoretical advantages and usages of
chromophore differentiations have not been demonstrated in daily clinical usage. Herein,
we present interesting images that demonstrate for the first time the biochemical signatures
of fat necrosis derived by PA and its agreement with histopathology (Figure 3). A detailed
description of PA imaging protocol and image reconstruction is included in Appendix A.
This work showcases the potential of PA as an adjunct for US to improve the diagnostic
confidence for fat necrosis.

 

Figure 3. PA imaging of the excised tissue. Patient underwent uneventful excision of the left chest
wall mass and was imaged with PA. Methods are as described in Appendix A. (A): Gross pathology
of a representative cut section of the lipomatous tumor showing yellowish fatty appearance and
foci of necrosis (dotted arrows). Focal cystic change containing oily fluid secondary to fat necrosis
was present at where the “mass-like” nodules were seen on US (bold arrows). This area is rimmed
by fibrosis. (B): H&E-stained microscopic image of the lipomatous tumor confirms prominent
degenerative change, featuring areas of fat necrosis (dotted arrows), cystic change (bold arrows), and
fibrosis. (C): shows zoomed in image of the cyst with septation (diamond arrow). This largest area of
cystic change (bold arrows) corresponds to the “mass-like” nodule as seen on ultrasound (labelled
as *). (D): The “mass-like” nodule near the posterior margin (*), surrounded by a hyperechoic rim
(bold arrow), was targeted for PA imaging. Corresponding PA images showing distribution of
lipid (E) and collagen (F), or their overlay (G) demonstrated collagenous signal corresponding to
the hyperechoic halo in keeping with fibrosis. Within the “mass-like” region, the imaged portions
demonstrated lipid signal, which was similar in intensity to the surrounding lipoma. No suspicious
fat or collagenous-replacing masses were identified. No blood signals were obtained from this ex
vivo study as there was no active ongoing blood flow after lesion excision. Scale bar 5 mm.
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In this case, the authors have successfully demonstrated biochemical features of fat
necrosis on PA as a first in-human demonstration with histopathological correlation. PA
was able to identify the “mass-like” hypoechoic regions on US as fat-containing, rather
than fat-replacing. On pathology, the lipid signals on PA correspond to liquefied necrotic
fat from cystic degeneration, while the collagen signals on PA correspond to the fibrosis
around the cavity. Hence, the biochemical capability of fat and collagen characterization
could help to resolve ambiguous findings on US and improve diagnostic confidence for
fat necrosis.

As it is crucial to obtain pathological correlation with US-PA images, excised tissues
with no active blood signals had to be obtained. The authors believe the incorporation
of blood signals in in vivo imaging would further intensify our understanding of the
pathophysiology and respective imaging correlations for fat necrosis. Although the results
from a single case may seem promising, more work must be done to validate these findings.
In particular, more work must be done to validate findings of benign lipomas, fat necrosis,
and malignant lipomatous tumors to investigate their biochemical differences. With more
data, PA could potentially translate downstream into clinical imaging workflows for better
characterization of superficial/breast lumps where fat-containing lesions are common.
However, for widespread clinical adoption, there needs to be vast improvements in both
hardware and software for PA imaging to improve its imaging depth (to at least 3–4 cm),
its field of view, as well as spectral coloring.
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Appendix A

Appendix A.1. Materials and Methods

The excised lipoma was collected fresh from the operating theatre and subjected
to US-PA imaging using the commercially available MSOT inVision 512-echo system
(iThera Medical GmbH, Munich, Germany), fitted to a customized 2D handheld probe
(specifications: 2D array of 256 detector elements (arranged along a 125◦ arc on a spherical
surface: radius 40 mm and 5 MHz centre frequency)). The detector was placed on the
inferior portions of the lipoma to image the “mass-like” nodules.

PA images were acquired at near infrared wavelengths—700, 730, 760, 800, 850, 920,
930, 970, 1000, 1050, 1064, and 1100 nm—to allow for deep-tissue imaging. Big differences
in absorption of light at these wavelengths by chromophores in breast tissue, such as blood,
lipid, and collagen, have aided the unmixing of these chromophores. Data were processed
using ViewMSOT 3.8 software (Release 3.8, Munich, Germany) and reconstructed using
the backprojection algorithm, after applying a bandpass filter with cut-off frequencies of
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50 kHz and 6.5 MHz. The distribution of collagen and lipid were visualized through
spectral unmixing of the reconstructed data.
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Abstract: In this study, patient data were combined with Raman and autofluorescence spectral pa-
rameters for more accurate identification of skin tumors. The spectral and patient data of skin tumors
were classified by projection on latent structures and discriminant analysis. The importance of patient
risk factors was determined using statistical improvement of ROC AUCs when spectral parameters
were combined with risk factors. Gender, age and tumor localization were found significant for
classification of malignant versus benign neoplasms, resulting in improvement of ROC AUCs from
0.610 to 0.818 (p < 0.05). To distinguish melanoma versus pigmented skin tumors, the same factors
significantly improved ROC AUCs from 0.709 to 0.810 (p < 0.05) when analyzed together according
to the spectral data, but insignificantly (p > 0.05) when analyzed individually. For classification of
melanoma versus seborrheic keratosis, no statistical improvement of ROC AUC was observed when
the patient data were added to the spectral data. In all three classification models, additional risk
factors such as occupational hazards, family history, sun exposure, size, and personal history did not
statistically improve the ROC AUCs. In summary, combined analysis of spectral and patient data can
be significant for certain diagnostic tasks: patient data demonstrated the distribution of skin tumor
incidence in different demographic groups, whereas tumors within each group were distinguished
using the spectral differences.

Keywords: Raman spectroscopy; cancer risk factors; skin cancer; PLS analysis; statistical significance

1. Introduction

The annually growing trend of melanoma disease is observed worldwide [1]. Re-
search [2] estimated that 106,110 new cases of melanoma were diagnosed and about
7180 people died of this disease in the USA in 2021. The growth of melanoma can be
caused by different personal [3–5], behavioral, and socioeconomic factors [6,7]. The Na-
tional Cancer Institute has reported [2,8–10] that melanoma is more common in men than
women and more frequent among whites in comparison with other races or ethnicities.
Moreover, there is a strong relationship between melanoma cases and patient age [2]. For
example, incidence rates for MM skin cancer in the UK are the highest in people aged 75
and over [11].

In terms of environmental factors, ultraviolet radiation is the most dangerous factor
causing melanoma growth [11,12]. Localization can also be a potentially informative factor
for more accurate skin cancer diagnosis, because some types of skin tumor often develop
in the body areas that are directly exposed to UV radiation, with others appearing in
covered body sites subjected to intense sunburn because of their rare exposure to regular
UV radiation [13].

High risk can also be associated with family history: about 10% patients with melanoma
have a family history of the disease [14–17]. The study by Hemminki et al. [18] demon-
strated that melanoma is several times more common in people whose first-degree relatives
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have had melanoma. Moreover, researchers [19,20] reported on the relationship between
patient history of skin neoplasm and the risk of developing melanoma, suggesting that the
patient’s history indicates risk of skin cancer growth. People working in certain professions
can have a higher risk of skin cancer and some precancer conditions, due to interaction
with dangerous industrial carcinogens [21].

Preliminary diagnosis of melanoma using dermoscopy [22] or other developing optical
biopsy techniques [23–25] did not consider the above risk factors that may be potential pre-
requisites for developing skin cancer. However, incorporating patient-specific information
can improve the accuracy of disease identification based on clinical studies [26–28]. Pacheco
and Krohling [26] demonstrated the importance of clinical features for skin cancer detection
based on clinical images and confirmed the hypothesis that patient clinical information is
important for this task. However, they concluded that the clinical features they examined
were not practical indicators for all types of skin lesions. Zeng et al. [27] examined skin
tumors using Raman spectral data, considering various risk factors, and revealed that only
patient age significantly contributed to improved diagnosis of malignant tumors. Taking
into account the findings of other research teams [26–28], we aimed to test the possibility of
improving skin cancer identification with our experimental data, by combining Raman and
autofluorescence data as well as patient information.

In our previous work [29,30], we performed an optical biopsy using Raman and autoflu-
orescence (AF) spectroscopy to diagnose skin cancer. Raman spectroscopy has proved to be a
sensitive research instrument in clinical practice for a number of purposes [24,27,30,31]. The
proposed method [29,32] was able to classify skin neoplasms with a mean accuracy higher
than the accuracy of general practitioners or trainees, and with comparable or less accuracy
than trained dermatologists and experts. Therefore, it remains necessary to improve the
accuracy of skin cancer diagnosis performed with Raman and AF analysis.

The aim of our study was to estimate the prognostic possibility of combining individ-
ual patient factors with the results of optical biopsy for detecting skin cancer. The spectral
data of 617 skin tumors that were analyzed in our previous work [29] were combined
with data on risk factors, for joint analysis. We demonstrated the results of the proposed
approach by combining Raman spectroscopy and AF with individual patient factors such
as environmental risk, history, and personal risk factors for classification of malignant skin
tumors, melanoma, and other skin neoplasms.

2. Materials and Methods

2.1. Experimental Setup

The detailed description of the experimental setup for simultaneous Raman and AF
signal registration was presented in our previous studies [29,32]. The scattering spectral
response from skin tissue in the near-infrared region was stimulated using a thermally stabi-
lized diode laser module (LuxxMaster, LML-785.0RB-04, PD-LD, Ushio Inc., Tokyo, Japan)
with 785 ± 0.1 nm central wavelength. The laser power density on the skin was about
0.3 W/cm2 and did not cause any damage to skin or discomfort in patients. The optical
Raman probe (RPB785, InPhotonics Inc., Norwood, MA, USA) contained supplying and
collecting branches. Laser excitation at 785 nm was delivered to the skin surface by means
of the excitation optic fiber (0.22 NA, 100 μm) and the supplying branch of the probe with
a band-pass filter and a focusing lens. The scattered radiation was collected by the same
lens and delivered to the collecting branch by the dichroic mirror and the conventional
mirror. The longpass filter cut the excitation laser wavelength from the collected signal,
and the Raman and fluorescence signals of skin tissue were transmitted to the spectrometer
using the focusing lens and the collecting fiber (NA 0.22, 200 μm). The collected signal
was decomposed into a spectrum using a portable spectrometer (QE65Pro, Ocean Optics
Inc., Largo, FL, USA). The spectra were registered in the 780–1000 nm region with spectral
resolution of 0.2 nm. The acquisition time was 20 s with a triple accumulation. The QE65Pro
detector was cooled down to −15 ◦C. The silicon tip on the probe provided the 7–8 mm
distance between the skin surface and the probe for all measurements.
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2.2. Patients

The protocols of the in vivo tissue diagnostics were approved by the ethical committee
of Samara State Medical University (Samara Region, Samara, Russia, protocol No 132,
29 May 2013), the clinical studies fall within The Code of Ethics of a Doctor of Russia,
approved at the 4th Conference of the Russian Medical Association, and within the World
Medical Association Declaration of Helsinki. The study involved 615 patients of different
ages, including 178 men and 437 women, who consulted specialized oncologists in the
Samara Regional Clinical Oncology Dispensary from May 2017 to December 2019. All
the patients were aged ≥ 18. Informed consent was acquired from all patients before the
in vivo study.

Spectral measurements of 617 tumors were carried out for 615 patients. The spectral
measurement of each skin tumor was registered from the approximate central point of
the tumor area. The region of interest for spectral registration of tumors was confirmed
by a medical specialist on the basis of dermatoscopic images. The skin tumors were
localized at different body sites. The sizes of skin tumors varied widely, from 0.3 to 5 cm.
Summary of the patients and tumors is presented in [29]. In accordance with results of
histopathological analysis, the analyzed spectral cohort included 204 malignant tumors
(70 malignant melanomas (MM), 122 basal cell carcinomas (BCC) and 12 squamous cell
carcinomas (SCC)), as well as 413 benign tumors (26 dermatofibromas (DF), 62 papillomas
(PP), 40 hemangiomas (HE), 113 seborrhoeic keratosis (SK), 170 nevi (NE) (all types),
1 cutaneous horn, and 1 benign tumor of epidermal appendage).

2.3. Risk Factors for Skin Cancer Growth

Cancer develops when human cells are damaged due to various factors and the
number of damaged cells starts to grow uncontrollably. In this work, we analyzed several
risk factors that can potentially provoke skin cancer growth.

At the initial appointment, the oncologist collected the patient history and potential
risk factors for skin cancer growth: gender (G), age (A), tumor localization (L), family history
(FH), personal history (PH), sun exposure (SE), size (S), and occupational hazards (OH).
All the collected demographic indicators were defined by the patient survey. However,
for different reasons, not every patient provided the full set of collected risk factors. Only
gender, age and localization factors were received for all the 617 skin neoplasm spectra.
Therefore, we considered two spectra datasets:

(I) Spectral data of all 617 skin neoplasms with only three indicators: (G), (A), (L);
(II) Spectral data of only 481 out of the 617 skin neoplasms with all eight indicators: (G),

(A), (L), (FH), (PH), (SE), (S), (OH).

All the risk factors were digitized:

G: 1—male; 2—female;
A: 1—under 29, 2—30 to 39, 3—from 40 to 49, 4—from 50 to 59, 5—from 60 to 69,

6—over 70;
L: 1—head and neck, 2—trunk, 3—upper limb, 4—lower limb;
FH: 0—no malignant diseases in close relatives; 1—close relatives with malignant diseases,

2—close relatives with skin cancer disease;
PH: 0—the patient had no serious disease; 1—the patient had a different disease; 2—the

patient had a malignant disease;
SE: 0—the patient avoids suntan; 1—the patient gets suntan without sunburn; 2—the

patient often has sunburn;
S: 1—from 0 to 5 mm; 2—from 6 to 20 mm; 3—21 mm;
OH: 0—no occupational hazards; 1—occupational hazards due to skin contact with chemi-

cals (e.g., work with petroleum products, on chemical plants, etc.).

The digitization of the patient factors was performed by specialized oncologists at the
Samara Regional Clinical Oncology Dispensary.
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2.4. Preprocessing and Statistical Analysis of Spectra

The spectra were recorded in the 780–1000 nm region, but only the 803–914 nm
spectral region corresponding to the 300–1800 cm−1 wavenumber region in terms of Raman
spectroscopy was analyzed. Firstly, the raw spectra in the region of interest (803–914 nm)
were preprocessed by the following process: smoothing by the Savitsky–Golay filter,
normalization by the standard normal variate method (SNV), and centering.

In accordance with the data described in Section 2.2, we considered six classification
models with different sets of risk factors:

I.1 Malignant (n = 204) vs. benign (n = 413) neoplasms with 3 risk factors;
II.1 Malignant (n = 157) vs. benign (n = 324) neoplasms with 8 risk factors;
I.2 MM (n = 70) vs. benign pigmented (Ne and SK, n=283) neoplasms with 3 risk factors;
II.2 MM (n = 49) vs. benign pigmented (Ne and SK, n = 221) neoplasms with 8 risk factors;
I.3 MM (n = 70) vs. SK (n = 113) with 3 risk factors;
II.3 MM (n = 49) vs. SK (n = 90) with 8 risk factors.

Each spectrum included the Raman and AF signals in the region of interest (of
803–914 nm) and, therefore, represented a discrete set of intensity values at the 515 wave-
lengths (in accordance with the spectral resolution of the spectrometer). For the subsequent
regression analysis, the 515 spectral parameters respectively representing each tumor after
preprocessing were combined with the corresponding risk factor parameters. Therefore,
in classification models (I.1), (I.2), and (I.3) each tumor was represented as 518 predictors
(515 spectral parameters and three risk factor parameters) for PLS analysis, and in classifi-
cation models (II.1), (II.2), and (II.3) as 523 predictors (515 spectral parameters and eight
risk factor parameters), respectively.

The experimental data were processed using partial least square discriminant analysis
(PLS-DA) [33]. The PLS-DA method was applied to build a regression model between the
analyzed tumor predictors and tumor types. Stability of the PLS-DA classification was
checked by means of 10-fold cross-validation. The number of latent variables (LVs) for
the PLS-DA models was chosen according to the minimum of the RMSE in the 10-fold
cross-validation. To estimate the importance of all tumor predictors in the model, variable
importance in projection (VIP) analysis was performed [34]. The VIP scores highlighted
the informative predictors of tumors in the regression model that were more important for
classifying different tumor types. Higher relative intensity of VIP score indicated that the
predicted variable was more significant. To determine the differentiation accuracy of the
tumor analysis, the PLS predictors were calculated as numeric values of tumor diagnosis in
the built regression model.

The results of the skin tumor differentiation were visualized using a bee-swarm
diagram and the receiver operating characteristic (ROC) curves plotted using R studio
software [35]. The ROC analysis shows the diagnostic performances of the regression
model. For quantitative analysis, the area under the curve (AUC) was calculated. The
significance of the AUCs and the comparisons between different AUCs were tested in a
standard manner [36].

3. Results

3.1. Malignant vs. Benign Neoplasms

(I.1) To discriminate the malignant (n = 204) vs. benign (n = 413) neoplasms from set
(I), the 0.600 (0.567–0.652) ROC AUC was obtained using only the spectral data (RS and AF
data). The complementation of spectral dataset (I) with three risk factors made it possible
to improve the ROC AUCs to 0.818 (0.778–0.841). Moreover, adding each patient factor
separately to the spectral data significantly increased the ROC AUC (see Table 1). The
distribution of VIP scores as a weighted sum of loadings is shown in Figure 1, highlighting
all spectral features for all loadings obtained in this PLS classification model. For this model,
the VIP scores were utilized to classify malignant versus benign tumors by determination
of informative predictors (gender (G), age (A), location (L), and 515 spectral parameters) in
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regression specification. The VIP scores presented in Figure 1 demonstrate that age (A) is
the most informative risk factor, which was proved by the most significant improvement
of ROC AUC (0.804, p = 9 × 10−9) when only age was incorporated into the spectral data,
compared with the other factors.

Table 1. Results of regression models.

Model ROC AUC

I.1 Malignant (n = 204) vs. Benign (n = 413), cohort with 3 risk factors

only spectral data (803–914 nm) 0.600 (0.567–0.652)
spectral data with gender 0.691 (0.647–0.736), p = 0.008
spectral data with age 0.804 (0.767–0.840), p = 9 × 10−9

spectral data with localization 0.759 (0.718–0.800), p = 3 × 10−6

spectral data with all risk factors 0.818 (0.778–0.841), p = 2 × 10−11

II.1 Malignant (n = 157) vs. Benign (n = 324), cohort with 8 risk factors

only spectral data (803–914 nm) 0.610 (0.556–0.663)
spectral data with gender 0.707 (0.658–0.756), p = 0.006
spectral data with age 0.718 (0.671–0.766), p = 0.002
spectral data with localization 0.680 (0.628–0.732), p = 0.035
spectral data with family history 0.625 (0.570–0.677), p = 0.35
spectral data with personal history 0.609 (0.556–0.663), without improvement
spectral data with sun exposure 0.609 (0.555–0.663), without improvement
spectral data with size 0.689 (0.639–0.738), p = 0.02
spectral data with occupational hazards 0.616 (0.563–0.669), p = 0.43
spectral data with all risk factors 0.789 (0.746–0.832), p = 5 × 10−7

I.2 MM (n = 70) vs. Ne + SK (n = 283), cohort with 3 risk factors, n = 353

only spectral data (803–914 nm) 0.690 (0.630–0.761)
spectral data with gender 0.751 (0.685–0.818), p = 0.2
spectral data with age 0.771 (0.706–0.837), p = 0.1
spectral data with localization 0.772 (0.709–0.835), p = 0.1
spectral data with all risk factors 0.825 (0.766–0.884), p = 0.02

II.2 MM (n = 49) vs. Ne + SK (n = 221) (cohort with 8 risk factors, n = 270)

only spectral data (803–914 nm) 0.789 (0.718–0.861)
spectral data with gender 0.801 (0.729–0.873), p = 0.4
spectral data with age 0.808 (0.734–0.881), p = 0.37
spectral data with localization 0.804 (0.737–0.871), p = 0.4
spectral data with family history 0.796 (0.726–0.866), p = 0.45
spectral data with personal history 0.744 (0.668–0.819), without improvement
spectral data with sun exposure 0.798 (0.725–0.870), p = 0.44
spectral data with size 0.806 (0.736–0.876), p = 0.38
spectral data with occupational hazards 0.788 (0.714–0.861), without improvement
spectral data with all risk factors 0.849 (0.785–0.914), p = 0.14

I.3 MM (n = 70) vs. SK (n = 113) (cohort with 3 risk factors, n = 183)

only spectral data (803–914 nm) 0.791 (0.728–0.859)
spectral data with gender 0.791 (0.722–0.859), without improvement
spectral data with age 0.791 (0.723–0.859), without improvement
spectral data with localization 0.841 (0.783–0.900), p = 0.15
spectral data with all risk factors 0.844 (0.786–0.902), p = 0.15

II.3 MM (n = 49) vs. SK (n = 90) (cohort with 8 risk factors, n = 139)

only spectral data (803–914 nm) 0.814 (0.740–0.888)
spectral data with gender 0.815 (0.741–0.889), p = 0.49
spectral data with age 0.815 (0.740–0.889), p = 0.49
spectral data with localization 0.851 (0.784–0.918), p = 0.25
spectral data with family history 0.816 (0.743–0.889), p = 0.48
spectral data with personal history 0.815 (0.742–0.889), p = 0.49
spectral data with sun exposure 0.815 (0.741–0.889), p = 0.49
spectral data with size 0.860 (0.795–0.925), p = 0.19
spectral data with occupational hazards 0.815 (0.740–0.889), p = 0.49
spectral data with all risk factors 0.820 (0.748–0.892), p = 0.46
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Figure 1. VIP scores for PLS-DA model: classification of malignant (n = 204) vs. benign (n = 413)
neoplasms (I.1); importance values of risk factors and spectral factors are plotted along different
horizontal axes because of a wide value scatter. (G) gender; (A) age; (L) localization.

The ROC AUCs and the bee-swarm diagram for this classification are presented in
Table 1 and Figure 2a–c.

(II.1) For set (II), the classification of malignant (n = 157) vs. benign (n = 324) neoplasms
using the PLS analysis was performed with the 0.610 (0.556–0.663) ROC AUC on the basis
of only the spectral data, and with the 0.789 (0.746–0.832) ROC AUC when supplying the
spectral data with eight risk factors. For this set, age was also the most important risk factor.
The ROC AUCs and bee-swarm diagram are presented in Table 1 and Figure 2d–f.

Table 1 presents the ROC AUCs of the models built using all risk factors separately.
Improvement of the ROC AUC by incorporating the spectral data with all risk factors to
identify malignant skin cancer was statistically significant (p < 0.05) in models I.1 and II.2.

3.2. MM vs. Benign Pigmented Neoplasms (Ne and SK)

(I.2) In this classification task, regression analysis of the cases from dataset (I) using
only the spectral data was performed with 0.690 (0.630–0.761) ROC AUC. For this task, the
combined analysis of the spectral data and the three risk factors significantly improved the
diagnostic performance to 0.825 (0.766–0.884) ROC AUC. The contribution of all three risk
factors in this model was significant for MM identification (p < 0.05), whereas separately
adding age, gender, or localization did not result in significant improvement of the ROC
AUC. Figure 2g–i and Table 1 show the results from cohort (I) for this classification task.

(II.2) In the same classification task for cohort (II), MMs (n = 49) were differentiated
from benign pigmented neoplasms (n = 221) with 0.789 (0.718–0.861) ROC AUC using
only the Raman and AF spectral data, and 0.849 (0.785–0.914) ROC AUC when combining
the spectral and risk factor variables. However, in this case, there were no significant
differences (p = 0.14) between the ROC AUCs obtained for the models with the eight risk
factors and those without. Figure 2 presents only the statistically significant results and
therefore does not include a diagram for this model. Table 1 indicates the ROC AUCs for
this classification task.
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Figure 2. Results of diagnostic models with statistical significance (p < 0.05). I.1: Malignant vs.
benign neoplasms: (a) ROC AUCs, bee-swarm diagrams of PLS predictors for tumor classification
based on (b) spectral parameters and (c) combination of spectral parameters and three patient factors.
II.1: Malignant vs. benign neoplasms: (d) ROC AUCs, bee-swarm diagrams of PLS predictors for
tumor classification based on (e) spectral parameters and (f) combination of spectral parameters and
eight patient factors. I.2: MM vs. benign pigmented neoplasms: (g) ROC AUCs, bee-swarm diagrams
of PLS predictors for tumor classification based on (h) spectral parameters and (i) combination of
spectral parameters and three patient factors.

3.3. MM vs. SK

(I.3) When classifying the MMs (n = 70) vs. SKs (n = 113) from cohort (I) using the
spectral data, 0.791 (0.722–0.859) ROC AUC was obtained. When the three risk factors
were combined with the Raman and AF spectral data, the ROC AUC increased to 0.844
(0.786–0.902) but with no statistical significance.

(II.3) When analyzing dataset (II) with the same classification task, the discrimination
model showed 0.820 (0.748–0.892) ROC AUC obtained by combining spectral data and the
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eight risk factors, while the analysis of only the spectral data was performed with 0.814
(0.740–0.888) ROC AUC.

The AUCs of this classification task were insignificantly improved (p > 0.05) in models
I.3 and II.3. The diagnostic performance results for this classification task are presented
in Table 1.

4. Discussion

The classification results for different types of skin neoplasms based on Raman and
AF spectral data were demonstrated in our previous research [29,32]. In this current work,
we combined individual patient risk factors and spectral data to obtain a more precise skin
cancer diagnosis, in particular of malignant tumor and MM. It should be noted that true
statistics of skin cancer incidence might differ from the data we obtained, due to including
in this study only those patients who were aware of skin tumors, attentive to their health,
and had access to resources for tumor detection.

Considering the significance of the analyzed patient factors, our classification models
have demonstrated that although gender was a significant factor for classifying malignant
versus benign skin tumors in both model I.1 and model II.1, it was not significant for
diagnosis of MM. The analyzed cohort was heterogeneous in the numbers of men and
women: women outnumbered men 2–3 times in the general cohort and in the analyzed
classes. However, the proportion of men with malignant tumors among all men involved
in this study was 0.43, whereas the relative proportion of women was 0.28. At the same
time, the relative incidence rates of MM were 0.13 among men and 0.11 among women
(Figure S1a). The statistics for different ethnicities and races vary. According to statistics
from Australia and the USA [10,13], the incidence of MM is higher among men than women.
In Russia in 2020, the standardized incidence rates (number per 100,000 population) of
skin cancer (without MM) and MM among men were 21.48 and 4.08 respectively, whereas
among women the figures were 20.62 (skin cancer without MM) and 4.32 (MM) [37]. Data
for our cohort was collected from May 2017 to December 2019, and revealed that in our
study the relative number of malignant cases was higher among men, while the number of
MM cases was the same among men and women.

Localization was also a significant factor in models I.1 and II.1 for malignant versus
benign classification. We suppose that the significance of this factor can be explained by
the most common localization group for different tumor types (Figure S1b). In model I.1,
most of the malignant tumors, namely 86 out of 204 cases (about 42%), were located on
the head and neck, while 209 out of 413 benign tumors (about 51%) were situated on the
trunk. Despite the fact that more MM cases occurred on the trunk (about 51%), the large
number of malignant tumors on the head and the neck was due to the contribution of the
BCC and SCC cases. However, when classifying MM and benign pigmented tumors or SK,
this factor was found to be insignificant, because most cases within each class occurred
on the trunk: 51% among melanoma cases, 51% among benign pigmented cases, and 47%
among cases of seborrheic keratosis.

The sun exposure factor was insignificant in all models (II.1, II.2, and II.3), but exposure
to sun radiation is partly responsible for localization. BCC and SCC are more likely to occur
on body areas that are most exposed to solar radiation, i.e., on the head. According to our
data presented in Figure S1, 61% of BCC and 71% of SCC in this study were localized on
the head and the neck [29]. On the other hand, most MM (51%) and other melanocytic
tumors, such as pigmented nevus, occurred on the trunk and legs: these body areas
may be subjected to intense sunburn because of less frequent exposure to regular UV
radiation. Other research [38] reports that trunk melanomas are more strongly associated
with pigmented nevus counts. Thus, exposure to sun radiation is an equally important
growth factor for all melanocytic tumors, confirmed by a similar distribution of various
melanocytic tumors (e.g., most cases of MM and benign pigmented nevus were recorded
on the trunk). Therefore, these tumors were not distinguished within each localization.
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Our models suggest that age is a significant factor when classifyin malignant and
benign tumors, because the patient distribution in each age group was different. Most cases
of malignant tumors (about 44%) were recorded in patients over 70, while the groups of
patients with benign tumors aged from 30 to 39, from 40 to 49, from 50 to 59, and from
60 to 69 were equal in size. For classification of MM versus only SK, age was completely
insignificant and did not improve the ROC AUC when added to the spectral data, because
the distribution of patients in age groups for MM and SK was fairly similar (Figure S1c).
The maximum frequency of MM and benign pigmented tumors (Ne and SK) was recorded
in the age group from 60 to 69. The larger number of pigmented benign tumors in the age
group from 60 to 69 was due to more SK cases, which did not allow significant separation
of these classes by age. However, there were differences in the numbers of patients in
other age groups: among those with benign pigmented tumors, more than 30% were under
40 because of a larger number of young patients with pigmented nevus. This resulted in
the fact that adding the age factor to the spectral data improved the ROC AUC to 0.808
(0.734–0.881) for the classification of MM versus benign pigmented tumors, but these
differences were not sufficient for statistical significance.

Finally, it should be noted that in all three classification tasks (models II.1, II.2, and II.3),
OH, FH, and PH were not able to improve the ROC AUCs (see Table 1). We lack precise
data on the behavioral and genetic factors obtained in the survey because the oncologists
collected this information by questioning the patients, which can lead to inaccuracy and
uncertainty. To enhance the importance of these factors, they could be defined in a more
precise way, for example, in terms of controlling exposure to sunlight or to chemicals that
can be dangerous in case of contact with skin. Thereby, the significance of such patient data
as gender, age, tumor localization, and size can become more reliable for tumor detection.

Diagnostic performance combining patients’ demographic data with optical data has
been evaluated in several works [26–28]. Zhao et al. [27] investigated whether incorpo-
rating such patient demographics as gender, skin type, localization, and age into Raman
spectral analysis can improve performance in malignant skin cancer diagnosis. Using
PLS analysis, the authors reported that the ROC AUC improved significantly from 0.913
(0.892–0.933) to 0.934 (0.917–0.952) (p < 0.05) after combining only the Raman data with
all the demographics, to differentiate malignant and benign skin lesions. In comparison
with the study by Zeng et al., in our work we analyzed a larger set of risk factors for cancer
growth, including not only demographics but patient lifestyle and behavioral factors as
well. We similarly found that combining all the risk factors with the spectral data achieved
better performance in discriminating malignant and benign tumors, increasing the ROC
AUC from 0.600 to 0.818 with three factors and from 0.610 to 0.789 with eight factors. We
increased the ROC AUCs by 30–36% taking into account the patient risk factors, while in the
study by Zeng et al. [27] the improvement was only 2%. Probably, this greater improvement
of malignant skin cancer identification was a result of a different signal-to-noise ratio in
the spectral data. Our spectral data were recorded with a lower signal-to-noise ratio [39]
that resulted in low accuracy of detecting malignant neoplasms by only the Raman and AF
spectra (0.600 and 0.610 ROC AUC in models I.1 and II.1, respectively), and a significant
improvement when the patient factors were added. In the previous work [27], the authors
used a highly sensitive spectroscopic system that allowed them to obtain a high ROC AUC
0.913 using only the Raman spectral data.

Kharazmi et al. [28] proposed a non-invasive fast BCC detection tool that incorporates
dermoscopic lesion features and clinical patient information including lesion localization,
size, and elevation, as well as patient age and gender. The integrated analysis of the
patient profile and dermoscopic features using data-driven feature learning allowed them
to increase the ROC AUC for BCC detection from 0.847 to 0.911, in comparison with only
the dermoscopic features. According to our statistics [29], BCC cases occur within specific
demographic conditions, for example, 61% of BCCs were located on the head and neck,
and 90% of BCCs were recorded from patients over 60. Thus, it might be assumed that we
would be able to determine the significance of patient factors for BCC detection. However,
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we analyzed BCC and MM as malignant tumors and did not estimate the importance of
patient information for identifying BCC only. Considering that our statistical results about
BCC are in good agreement with the statistics reported by Kharazmi et al., this may suggest
the significance of patient factors only for several types of skin lesions.

It is also interesting to compare the results of the proposed methodology and the results
of dermoscopic image analysis performed by dermatologists, which represents the current
standard for clinical diagnosis of skin lesions. According to research [40], the accuracy
of melanoma vs. non-melanoma skin lesion classification was 79.9% for novice dermatol-
ogists, 83.3% for qualified dermatologists, and 86.9% for experts. The mean diagnostics
performance of 21 board-certified dermatologists using dermoscopic images to classify
71 malignant vs. 40 benign lesions was nearly 71% sensitivity and 81% specificity [41].
Thus, the proposed methodology can classify skin neoplasms with a mean accuracy higher
than GPs and trainees, but with slightly less accuracy than trained dermatologists and
experts.

To sum up, our results show that information on patient risk factors and Raman
and AF spectral data can complement each other to provide more accurate skin cancer
identification. For each skin tumor type, we observed a specific distribution trend by
gender, age group, and localization, in good agreement with worldwide statistics on skin
tumor incidence. Patients’ age and tumor localization are able to discriminate tumors
in different groups, but these factors become insignificant when analyzing different skin
tumors within individual groups. For example, similar numbers of malignant, benign,
pigmented tumors, SK, and MM were recorded on the trunk or in patients aged from 50 to
59 or from 60 to 69. So, within a separate demographic group, accuracy results for different
tumor type diagnosis can differ when only the Raman and AF spectral data are used. For
this reason, to differentiate malignant versus benign skin tumors we improved the ROC
AUCs by adding risk factors to the model. To differentiate MM versus pigmented skin
tumors or SK, similar demographic trends did not allow us to increase the performance
accuracy of skin tumor identification. To improve diagnostic performance, the proposed
methodology may be added to the estimation of neoplasm morphology performed during
dermoscopy analysis. Deep learning-based applications using computer visualization have
shown promising results in detecting melanoma based on the analysis of dermoscopic
images [40–42]. However, additional studies are required to estimate the capability of joint
dermoscopy analysis and low-cost Raman systems.

5. Conclusions

We tested the possibility of improving skin cancer detection by combining spectral
analysis with analysis of individual patient characteristics and factors for skin cancer
growth. We analyzed two cohorts of patients with skin tumors: (I) the cohort with
617 spectra of different tumors and three patient factors for each case, and (II) the co-
hort with 481 spectra of different tumors and eight risk factors. For each cohort, three
classification tasks were considered: malignant versus benign tumors, MM versus benign
pigmented tumors, and MM versus SK.

The significance of risk factors for type of cancer growth was estimated when all factors
were combined with the spectral data, and when each factor was added separately to the
Raman and AF spectral data. Statistical improvement was achieved for the classification of
204 malignant tumors and 413 benign tumors, from 0.610 to 0.818 ROC AUC, p = 2 × 10−11,
when spectral data in the 300–1800 cm−1 range were combined with three individual patient
factors for skin cancer growth. Moreover, classification of 157 malignant tumors and 324 be-
nign tumors using the spectral data and eight risk factors was statistically improved from
0.610 to 0.789, p = 5 × 10−7. Finally, 70 MMs and 283 benign pigmented skin neoplasms were
differentiated with a statistical improvement from 0.709 to 0.825, p = 0.02 when combining
the spectral data and the three risk factors. Improvements of ROC AUC for discriminating
MM (n = 49) and pigmented benign tumors (n = 172) with eight factors, MM (n = 70) and SK
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(n = 113) with three factors, and the MM (n = 49) and SK (n = 90) with eight factors were all
statistically insignificant.

Our results show that among all risk factors, patient demographics including gender,
age, and tumor localization were statistically significant for detecting skin tumor type, due
to their univocal definition. In contrast, the data for behavioral factors were collected by
staff directly from patients and might therefore lack accuracy. For certain classification tasks,
it was found that the combination of spectral data and patient risk factors was significant.
Particular overall trends for each skin tumor type were observed for patient age, gender, and
tumor localization. However, these demographic features did not allow us to discriminate
different tumor types, especially pigmented tumors, within an individual demographic
group. Therefore, distinguishing skin tumors in groups with similar demographics was
possible using the Raman and AF spectral data only. However, these findings need to be
verified in further experimental cohort studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/diagnostics12102503/s1, Figure S1: Patients’ statistics: (a) distri-
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Abstract: There is a paucity of radiologic literature regarding age-related cataract, and little is
known about any differences in the imaging appearance of the natural crystalline lens on computed
tomography (CT) exams among different demographic groups. In this retrospective review of
198 eyes in 103 adults who underwent dual-energy computed tomography (DECT) exams of the
head, regions of interest spanning 3–5 mm were placed over the center of the lens, and the x-ray
attenuation of each lens was recorded in Hounsfield Units (HU) at 3 energy levels: 40 keV, 70 keV,
and 190 keV. Generalized estimating equations (GEEs) were used to assess the association of clinical
or demographic data with lens attenuation. The mean HU values were significantly lower for the
older vs. younger group at 40 keV (GEE p-value = 0.022), but there was no significant difference at
higher energy levels (p > 0.05). Mean HU values were significantly higher for females vs. males and
non-whites vs. non-Hispanic whites at all 3 energy levels in bivariate and multivariable analyses (all
p-value < 0.05). There was no significant association between lens attenuation and either diabetes
or smoking status. The crystalline lens of females and non-whites had higher attenuation on DECT
which may suggest higher density or increased concentration of materials like calcium and increased
potential for cataract formation. Given the large scope of cataracts as a cause of visual impairment
and the racial disparities that exist in its detection and treatment, further investigation into the role of
opportunistic imaging to detect cataract formation is warranted.

Keywords: dual-energy computed tomography; natural crystalline lens; sex; race

1. Introduction

Cataracts are the leading cause of blindness worldwide and affect over 24 million
Americans [1]. Of the subtypes of age-related cataracts, nuclear sclerotic cataracts are
the most common [2], and are thought to result from cumulative lifetime exposure to a
range of insults to the ocular lens including ultraviolet light, ocular trauma, ocular surgery,
corticosteroid use, radiation exposure, smoking, and diabetes mellitus.

Currently, cataracts are almost universally a clinical diagnosis, made by confirming
opacification or discoloration of the lens during slit lamp examination by a trained specialist
in optometry or ophthalmology. However, barriers to access of basic healthcare services
have caused many patients to seek acute medical care through the emergency room, which
provides an opportunity for incidental discovery of comorbid chronic conditions, such
as cataracts [3].

Computed tomography (CT) scans are one of the most common medical tests per-
formed in the emergency room [4]. CT has proven useful in diagnosing traumatic catarac-
ts [5–8], wherein the lens becomes hypoattenuating due to increased fluid content. How-
ever, there is a striking paucity of radiologic literature on the imaging characteristics of
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sage-related cataracts, which are far more common than traumatic cataracts [2]. Moreover,
little is known about differences in the characteristics of the natural lens on CT imaging
among different demographic groups.

One reason for this lack of knowledge is that when using conventional single-energy
CT techniques, the lenses are bland, relatively homogeneous structures that garner little
attention unless they are displaced, dysmorphic, or absent. Moreover, since the natural lens
is a radiosensitive organ at particular risk for radiation effects due to its superficial location
in the human body, intentional imaging of the lens during radiologic image acquisition is
not generally recommended [9]. In clinical practice, however, the lens is often incidentally
included in the CT scan field of view. This circumstance presents the radiologist with an
opportunity to assess the lens for pathology such as cataracts.

In recent years, dual-energy CT (DECT) has risen to the forefront of CT imaging
acquisition due to its ability to capitalize on the differences in energy-dependent x-ray
absorption of different materials within the patient by using low- and high-energy x-ray
spectra. DECT techniques have numerous recently described applications in the practice
of neuroradiology [10]. Low kilo–electron volt (keV) (e.g., 40 keV) virtual monoenergetic
imaging (VMI) techniques allow for improved contrast-to-noise ratio among soft tissues of
similar attenuation, even in the absence of iodinated contrast media [11]. High keV (e.g.,
190 keV) VMI have been used to describe unique attenuation patterns of silicone oil which
can be found in the eye after certain retinal surgeries [12,13].

Given the ability of DECT to improve discrimination between a material of high
atomic number (such as calcium or iodine) and a material of low atomic number (such
as hemorrhage) [14], we hypothesized that it would be useful in detecting differences
in lens composition that could be related to early cataract formation. The lens is made
of proteins which are low in atomic number. If the cataractic lens were to calcify, then
one would expect that the attenuation of the lens would increase fairly dramatically over
time, especially at 40 keV, due to the combined impact of low energy incident photons
and high atomic number on the photoelectric effect, and subsequently on x-ray beam
attenuation. Although total lens calcification is rare [15], lens calcium content has been
shown to correlate with the degree of opacification of cataractous lenses [16]. Impaired
intracellular Ca+2 signaling in lens epithelial cells is known to play an intrinsic role in both
cortical and nuclear cataractogenesis [17]. Moreover, we might expect nuclear cataracts
to have an increased density due to the pathologic aggregation and compaction of the
proteins of the nuclear fibers which has been observed on histology [2]. However, to our
knowledge, no study has investigated the characteristics of the natural crystalline lens on
DECT or whether there are differences in attenuation of the lens in different demographic
groups or at different levels of energy.

In this retrospective study, we examined whether there is a relationship between
possible demographic and clinical risk factors for cataract formation, such as age, race, sex,
diabetes and smoking status, with the X-ray attenuation of the natural crystalline lens on
DECT of the head at 40, 70, and 190 keV VMI. Such imaging analyses of the crystalline lens
may provide critical foundational understanding of the changes in the lens that one might
observe on DECT as well as help identify groups at potential risk for cataract formation.

2. Materials and Methods

2.1. Subjects

For this retrospective, Health Insurance Portability and Accountability Act-compliant,
institutional review board-approved study, a local institutional radiology database (syngo.via,
Siemens Healthineers) was queried with the goal of identifying eligible lenses for study
inclusion. Screening eligibility criteria were (1) age ≥18 years and (2) received non-contrast
DECT of the head at our institution between July and December 2020. A younger adult
(age ≥18 and <30 years) and older adult cohort (age >70 years) were collected to facilitate
assessment of any age-related differences in the lens characteristics. Patients were excluded
if there was evidence of acute orbital trauma (including periorbital hematoma, orbital

26



Diagnostics 2022, 12, 2857

hemorrhage, and orbital fractures). Pseudophakic eyes were not included in the analysis.
Using these criteria, a total of 198 eyes in 103 adult subjects were identified. Demographic
or clinical risk factors for cataract such as age, sex, race/ethnicity, smoking status, and
history of diabetes were collected from the electronic medical record. Documentation of
known cataract status was also collected when available.

2.2. Image Acquisition

All non-contrast DECT examinations of the head were performed utilizing a dual-
source system (SOMATOM Drive or Flash; Siemens Healthineers, Erlangen, Germany).
The DECT acquisition parameters were as follows: 80 kVp/Sn140 kVp acquisitions, Quality
Reference mAs of 400/200, pitch of 0.70, rotation time of 0.5 s, and with automated tube
current modulation, CareDose 4D.

2.3. Image Analysis

All dual-energy post-processing and region of interest (ROI) analysis was performed
in syngo.via (Siemens Healthineers) using the Monoenergetic+ application. Measurements
were obtained across all subjects using an image slice thickness of 1 mm. Two-dimensional
circular ROIs were drawn by a trained radiology resident or neuroradiology fellow in the
center of the native lenses. Care was taken to identify the center of the lens and avoid any
streak or beam hardening artifacts. An attending neuroradiologist with 5 years subspecialty
experience reviewed and optimized the ROI position as needed. All ROIs were sized to be
between 3–5 mm2. A representative example of how ROI measurements were obtained
is given in Figure 1. After the initial ROI was placed, the ROI location did not change
while HU attenuation measurements were recorded at each of the 40 keV, 70 keV, and
190 keV energy levels. The mean attenuation and standard deviation (SD) were recorded in
Hounsfield Units (HU) for each ROI at each energy level.

 
Figure 1. A representative example of how ROI measurements were obtained for the study. All
measurements were obtained in the axial plane using 1 mm thick slices. ROI data was obtained
using the default syngo.via Monoenergetic+ application. All scans were non-contrast dual-source,
dual-energy CT exams. See the text Section 2.2. for the DECT acquisition parameters.

2.4. Statistical Analyses

Descriptive statistics were used to describe the clinical and demographic character-
istics of the population. Pearson’s correlation was used to compare the attenuation in
Hounsfield units between right and left eyes among subjects with both natural lenses
present on DECT. In order to account for the correlation of both eyes within a given subject,
separate generalized estimating equations (GEEs) were constructed to assess the bivariate
relationship between each of the demographic or clinical variables and the relative atten-
uation of the lens at each energy level (40, 70, and 190 keV). Factors that were significant
in bivariate analyses (p-value < 0.05) were entered into multivariable GEE models of the
HU for each energy level. All analyses were performed with Stata (version 17.0, StataCorp,
College Station, TX, USA). A p-value < 0.05 was considered statistically significant.
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3. Results

3.1. Subjects

Included subjects were sub-categorized into an older adult (N = 53; mean age 81.4 ± 5.7
years; range 73–101) and younger adult cohort (N = 50; mean age 22.66 ± 2.93 years; range
18–27). Approximately 46.6% of subjects were female, 38.8% self-identified as non-Hispanic
white, 22.3% had diabetes, and 37.9% were never smokers (Table 1). Among the older
adults, only 19 subjects (29 eyes) had ophthalmic examination data of the natural lens in
their electronic healthcare record so that cataract status could be determined.

Table 1. Clinical and demographic characteristics of 103 adult subjects who underwent Dual Energy
Computed Tomography (DE-CT).

Characteristics N (%)

Age
Older Adults (73–101 years) 53 (51.5%)
Young Adults (18–27 years) 50 (48.5%)

Sex
Female 48 (46.6%)
Male 55 (53.4%)

Race/Ethnicity
Non-White 40 (38.8%)

Non-Hispanic White 63 (61.2%)
Smoking Status

Ever Smoker 39 (37.9%)
Never-smoker 64 (62.1%)

Diabetes
Yes 23 (22.3%)
No 80 (77.7%)

3.2. Image Analysis

Ninety-five subjects had a natural crystalline lens present in both eyes. There was a
strong and significant positive correlation between the HU attenuation values in the right
and left eye at each of the three energy levels (all p < 0.0001) (Table 2).

Table 2. Correlation of right and left eye attenuation measurements on Dual-Energy Computed
Tomography in 95 pairs of eyes in 95 subjects.

Mean ± Standard
Deviation,

Hounsfeld Units
in keV

Mean ± Standard
Deviation,

Hounsfeld Units
in keV

DECT
Energy Level

Right Eye LEFT EYE Pearson’s
Correlation p-Value

40 keV 73.5 ± 12.6 74.0 ± 14.1 0.4061 <0.0001
70 keV 76.3 ± 8.0 76.6 ± 7.9 0.6706 <0.0001

190 keV 77.5 ± 8.7 77.7 ± 8.8 0.6926 <0.0001

DECT = Dual-Energy Computed Tomography. Bolded p-values are statistically significant (p < 0.05).

Table 3 displays the bivariate association between clinical and demographic char-
acteristics and attenuation of the natural crystalline lens in the full cohort (198 eyes in
103 subjects). At 40 keV, the older adults had a significantly lower average HU than
younger adults (70.88 ± 13.63 vs. 75.70 ± 13.21; p = 0.020), but there was no significant
difference in the measurements for older vs. younger adults at the 70 keV or 190 keV energy
levels (both p > 0.05). However, in the subgroup of older adults with clinical documenta-
tion of a cataract (N = 19 subjects with 29 eyes), the Hounsfield unit values were higher,
measuring 74.65 ± 14.57) at 40 keV, 79.05 ± 7.58 at 70 keV, and 80.85 ± 9.29 at 190 keV.
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Table 3. Bivariate analysis of clinical and demographic characteristics associated with natural
crystalline lens attenuation measured at three energy levels on Dual Energy Computed Tomography
(DE-CT) (N = 198 eyes in 103 subjects).

Characteristics Hounsfield Units (HU) in keV

40 keV 70 keV 190 keV

Age
Older Adults 70.88 ± 13.63 75.18 ± 7.77 76.91 ± 9.26
Young Adults 75.70 ± 13.21 77.64 ± 7.78 78.48 ± 8.17
GEE p-value 0.022 0.080 0.381

Sex
Female 76.41 ± 13.28 79.0 ± 7.37 79.99 ± 7.91
Male 70.68 ± 13.37 74.24 ± 7.61 75.76 ± 8.97

GEE p-value 0.010 <0.0001 0.005
Race/Ethnicity

Non-White 77.63 ± 13.12 79.98 ± 7.86 81.03 ± 8.12
Non-Hispanic White 70.51 ± 13.22 74.11 ± 6.96 75.54 ± 8.48

GEE p-value 0.001 <0.0001 0.001
Smoking Status

Ever Smoker 71.81 ± 14.92 75.30 ± 8.04 76.69 ± 9.71
Non-smoker 74.23 ± 12.71 77.12 ± 7.68 78.32 ± 8.07
GEE p-value 0.275 0.224 0.361

Diabetes
Yes 70.83 ± 13.01 75.96 ± 6.88 77.98 ± 9.59
No 73.98 ± 13.72 76.55 ± 8.11 77.63 ± 8.53

GEE p-value 0.168 0.810 0.588
Generalized estimating equations = GEE. Bolded p-values are statistically significant (p < 0.05).

At all three energy levels, the mean HU attenuation values were significantly higher
for females vs. males (40 keV: 76.4 ± 13.3 vs. 70.7 ± 13.4; 70 keV: 79.0 ± 7.4 vs. 74.2 ± 7.6;
190 keV: 80 ± 7.9 vs. 75.8 ± 9; all p <= 0.01) and for non-whites vs. non-Hispanic whites
(40 keV: 77.6 ± 13.1 vs. 70.5 ± 13.2; 70 keV: 80 ± 7.9 vs. 74.1 ± 7.0; 190 keV: 81.0 ± 8.1 vs.
75.5 ± 8.5; all p <= 0.001). No significant association was detected between lens attenuation
and either diabetes or smoking status (all p > 0.05).

In multivariable analyses, both female sex (all p < 0.01) and nonwhite race/ethnicity
(all p < 0.01) but not age-group (p > 0.05) remained significant independent predictors of
lens attenuation at all 3 energy levels (Table 4).

Table 4. Multivariable generalized estimating equations of characteristics associated with natural
crystalline lens attenuation measured at three energy levels on Dual Energy Computed Tomography
(DE-CT) (N = 198 eyes in 103 subjects).

Characteristics Hounsfield Units (HU) in keV

40 keV
Beta (95% CI)

70 keV
Beta (95% CI)

190 keV
Beta (95% CI)

Age

Older Adults 0.024
(0.0003, 1.63)

0.272
(0.022, 3.34)

0.789
(0.406, 15.33)

Young Adults Reference Reference Reference
GEE p-value 0.083 0.309 0.876

Sex

Female 374.5
(6.54, 21434.22)

124.42
(11.3, 1369.9)

71.06
(4.17, 1210.02)

Male Reference Reference Reference
GEE p-value 0.004 <0.0001 0.003

Race/Ethnicity

Non-White 403.47
(5.367, 30333.49)

208.07
(16.04, 2698.38)

179.92
(8.70, 3718.84)

Non-Hispanic White Reference Reference Reference
GEE p-value 0.006 <0.0001 0.001

GEE = Generalized estimating equations; CI = confidence interval. Bolded p-values are statistically significant
(p < 0.05).
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4. Discussion

To our knowledge, this study is the first to demonstrate the ability of DECT to detect
differences in the attenuation of the crystalline lens on DECT among demographic and
clinical groups that may be at increased risk for cataract formation.

We found that the crystalline lens of females and non-white subjects had significantly
higher attenuation on DECT at all energy levels. This finding may suggest a higher density
lens or increased concentration of materials like calcium which could be related to lens
opacification from early cataract formation [16]. The Salisbury Eye Evaluation Study found
that African Americans had higher rates of cortical opacity and progression of cortical
cataracts [18]. The Age-Related Eye Disease study similarly found that both females and non-
whites were at greater risk of cortical cataract formation [19]. One hypothesis in females is
that age-related withdrawal of estrogen may play a role in the progression cataracts through
the loss of its anti-oxidative effects [20]. Women also have a higher prevalence of osteoporosis
which has been associated with increased risk for cataract, presumably through common
pathways of impaired calcium homeostasis [21]. Such impaired calcium signaling in lens
epithelial cells can result in increased cytosolic calcium concentration [22] which predisposes
to cortical cataracts in particular. For example, one study demonstrated that the total calcium
in lenses with cortical cataracts measured four times higher than in clear lenses [23]. Cortical
cataracts can also have discrete calcium deposits which would have substantially higher
attenuation on DECT. Moreover, impaired calcium signaling can also lead to opacification
of the nuclear portion of the lens resulting in a mixed cataract type [17]. Interestingly, the
subset of older adults with a documented cataract also had higher HU values. However, the
retrospective design of the study limited more direct assessment of the relationship between
these characteristics and cataract formation since ophthalmic examination data was not
available in a majority of patients. Nevertheless, the study demonstrated that DECT has the
potential to identify differences in lens attenuation among groups at risk for cataract. Such
findings could form the rationale for a future prospective study in which patients undergoing
DECT of the head are recruited for ophthalmology examination to determine whether a
clinically and visually significant opacification of the lens is present.

To our surprise, no significant association between lens attenuation and either diabetes
or smoking status was detected (all p > 0.05). High blood glucose in the setting of poorly
controlled diabetes can lead to generation of polyols that result in increased osmotic stress in
the lens fibers causing them to swell and rupture [24]. Given previous studies on traumatic
cataracts and the low HU attenuation from increased water concentration, one might have
expected diabetic patients to have a lower HU attenuation. The lack of an association here
could be related to the fact that severity of diabetes was not able to be determined since
HbA1c was not consistently available. Future studies could collect additional lab criteria
to stratify by diabetic control. Similarly, prior studies have associated smoking with an
increased risk of nuclear sclerotic type cataracts due to increased oxidative stress [25,26]. It
is possible that smoking data from the medical record is less accurate than questionnaire
data which could be collected in a future prospective study.

The older adult cohort in general trended toward a lower attenuation of the lens at
40 keV, but this relationship was not significant in multivariable analyses or at higher
energy levels. It is possible that DECT did not identify a Hounsfield-unit based threshold to
distinguish lens age because different subtypes of cataract may result in different alterations
in lens attenuation. For example, some cataracts might decrease lens attenuation if there
is an increase in fluid whereas others may increase lens attenuation if there is an increase
in deposition of calcium or other high-density materials. Future studies could consider
whether specific subtypes of cataract have different degrees of lens attenuation on DECT.

Although an ROI based methodology to confirm cataract by DECT is not yet possible,
the lens remains a potentially attractive target for artificial intelligence-based segmentation
given its simple shape, near-uniform size, and the high level of contrast between the
lens itself and the surrounding fluid of the aqueous and vitreous humor [27]. Larger
DECT imaging datasets pooled across multiple institutions may make possible the training
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and development of deep learning algorithms for predicting cataract risk. Additionally,
while obtaining the study data we noticed occasional patients that demonstrated highly
variable attenuation values in the lenses that produced a “speckled” pattern of attenuation
(Figure 2). Such a pattern suggests the usefulness of texture analysis for identification of
cataracts, where differences in spatial heterogeneity within the ROI of a cataract lens can be
distinguished from a non-cataract lens, despite having, for example, similar overall mean
HU attenuation values. In fact, prior studies have reported greater than 90% accuracy in
identifying cataracts from eye photographs when using lens ROI uniformity (a texture
analysis metric) as a training feature for a nearest-neighbor classifier [28], though to the
best of our knowledge this has not yet been reproduced with DECT images.

 

Figure 2. Axial non-contrast DECT image zoomed for lens detail. An 84-year-old lens demonstrates
a “speckled” appearance—with scattered punctate foci of increased attenuation. This pattern of
spatial heterogeneity raises the question of whether texture analysis may be a more useful method of
assessing for cataract at CT.

A majority of patients in our study did not have historic ophthalmic data, suggesting
there could be gaps in access to ophthalmic care that could be potentially addressed during
an emergency department visit. Racial disparities in access to cataract surgery are well-
documented, especially among black patients [29]. Inequities in the proportion of patients
that carry health insurance affects access to routine health care and utilization [30,31].
Racial minorities are also known to be less likely than white patients to have a primary
care provider and are more likely to rely on the Emergency Department for routine care
needs [32–34]. As such, radiologists could have an opportunity to help improve healthcare
disparities through invention of novel opportunistic imaging screening techniques (i.e.,
screening an organ for pathology when that organ is incidentally imaged as part of a study
obtained for a separate indication). While traditional cataract evaluation will remain the
gold-standard for cataract diagnosis, future studies should investigate whether patients
presenting to the ED who undergo DE-CT could benefit from opportunistic detection of
cataract and development of a care pathway that refers such patients to ophthalmology for
confirmation and treatment.

Our study has several limitations. In order to allow for examination of possible age-
related differences in the lens, two cohorts of older and younger adults were collected.
Thus, the study findings are not generalizable to middle-aged patients. Achieving accurate
lens cortex attenuation values is problematic due to the concern for volume averaging with
adjacent fluid filled structures. However, if eyes had cortical changes overlying the nucleus
these would have been detected within the ROI. Additional ophthalmic clinical data as to
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the presence or grade of cataract were only available in a subset of older adults. Based on
the findings in this study, a future prospective study could be designed in which patients
are referred to an ophthalmologist for clinical exam of the lens following incidental imaging
of the crystalline lens on DECT during an emergency room encounter.

Another potential limitation of the study is the presence of beam hardening artifacts
at 40 keV VMI. In our study, the authors took great care to avoid beam hardening artifacts
emanating from the bony orbit; if such artifacts had been included in the ROI analysis,
they would have led to spurious increases or decreases in HU values. Photon counting CT
holds promise to both improve spectral resolution and reduce beam hardening artifacts in
the future [35].

Our study was performed on one of two distinct types of DECT scanners, both dual-
source systems manufactured by Siemens, and with nearly identical protocols. These results
may not necessarily be generalizable to all commercially available forms of spectral CT
imaging, though the underlying physics should remain the same. Moreover, several factors
can affect the accuracy of the HU values, including the aforementioned beam hardening
artifacts, spectral energy, convolution kernel, and patient positioning [36]. CT scanners are
calibrated such that the HU value for pure water does not deviate more than 2 HU from the
reference value of 0 [37], but the possibility exists that small differences in scanner calibration
in conjunction with a combination of the above factors could impact the measurements taken.

5. Conclusions

Our study found that non-white and female patients had significantly higher lens
attenuation values on DECT, which may suggest increased lens density, the presence of
high-density materials like calcium, or a predisposition for cataracts. Future collection of
ophthalmic examination data in patients with DECT findings will provide useful diagnostic
confirmation of the clinical relevance of these findings. Given the large scope of cataracts
as a cause of visual impairment and the racial disparities that exist in its detection and
treatment, further investigation into the role of opportunistic DECT imaging to detect
cataract formation is warranted. As these technologies continue to advance, incorporation
of photon counting CT and artificial intelligence-based textural analysis may improve the
utility of such radiologic studies in the clinical care of patients with incidental cataracts.
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Abstract: (1) Background: To date, there are no studies evaluating the ability of the incoherent
optical fluctuation flowmetry (IOFF) method to assess foot tissue perfusion. The aim of this study
was to evaluate the correlation between perfusion values measured by IOFF and TcPO2 in patients
with diabetes-related lower-extremity complications. (2) Methods: This was an observational, cross-
sectional, two-center study. Diabetic patients with peripheral artery disease and/or diabetic foot
ulcers were studied (n = 27, examinations were carried out on 54 legs). Perfusion in the foot tissues
was assessed using TcPO2 (reference standard for this study) and the IOFF method. (3) Results: High
correlation coefficients of all perfusion parameters measured by IOFF with TcPO2 (Rs 0.7 to 0.76)
were shown. The study demonstrated that the IOFF method allows, with a sensitivity of 85.7% and a
specificity of 90.0%, the identification of patients with a critical decrease in TcPO2 < 20 mmHg. (4) Con-
clusions: The high correlation of IOFF parameters with TcPO2 and the moderately high sensitivity and
specificity in detecting patients with severe ischemia of foot tissues shows the promise of the method
for assessing a tissue perfusion in patients with diabetes-related lower-extremity complications.

Keywords: microcirculation; peripheral artery disease; diabetes mellitus; critical limb ischemia; laser
doppler flowmetry; incoherent optical fluctuation flowmetry (IOFF)

1. Introduction

Diabetic foot syndrome (DFS) is a complication of diabetes mellitus and is described
as a group of symptoms including neuropathy, reduced blood supply and infection leading
to tissue breakdown, and morbidity that may be followed by amputation. DFS is one of
the most serious complications of diabetes mellitus (DM) [1,2]. Peripheral arterial disease
(PAD) often has a more aggressive course in diabetic patients and, in turn, can lead to
DFS [3,4]. In the population of people living with DM, PAD is characterized by multilevel
atherosclerotic lesions as well as greater involvement of the arteries below the knee [5]

Reliable assessment of foot tissue perfusion in patients with limb ischemia is essential
for predicting limb outcomes and choosing the treatment algorithm [6]. Measurements
of transcutaneous oxygen tension (TcPO2) are widely applied for indirect assessment of
foot tissue perfusion in patients with limb ischemia [7]. In a number of studies, TcPO2
measurement has shown predictive value in the management of patients with limb ischemia
and diabetic foot ulcers [6,8,9]. This method was included in the Wound, Ischemia, and
Infection of the Foot (WIfI) classification system, which is recommended for assessing the
risk of limb amputation and potential benefit from successful revascularization in patients
with lower extremity atherosclerotic occlusive disease [10]. Thus, the results of TcPO2
assessment can directly influence the management of patients. The significance of this
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method (TcPO2) increases in patients with DM, as the ankle–brachial index (ABI) may be
falsely elevated due to the medial artery calcification [9,11].

However, in addition to a number of clinical limitations (high variability, a dependence
on ambient temperature, the presence of edema, a small area of the analyzed tissue, etc.),
TcPO2 measurement is also limited by the cost of equipment, consumables, and duration
of the measurement [6,12,13]. Alternative methods of assessing foot tissue perfusion have
either not found clinical application (laser Doppler flowmetry, laser Doppler imaging)
or also have a number of limitations (skin perfusion pressure, 2D perfusion imaging,
fluorescence angiography, etc.) [6,9,14].

Thus, the development of new tools for the assessment of tissue perfusion in patients
with atherosclerotic peripheral artery disease and DFS is an extremely important task.

An incoherent optical fluctuation flowmetry (IOFF) method has been developed in
the Laboratory of Medical and Physical Research, Moscow Regional Research and Clinical
Institute (“MONIKI”) [15]. This is the first study to assess the clinical perspectives of the
method in healthcare.

This study aimed to evaluate the correlation between perfusion values measured by
IOFF and TcPO2 values in patients with diabetes-related lower-extremity complications.

2. Materials and Methods

2.1. Study Design, Patients, and Data Sources

This was an observational, cross-sectional, two-center study. The study was conducted
at 2 centers:

A: Moscow Regional Research and Clinical Institute (“MONIKI”).
B: Federal State Budgetary Institution “V.A. Almazov National Medical Research

Center” of the Ministry of Health of the Russian Federation.
Patients with DM and PAD of lower extremities and/or diabetic foot ulcers were in-

cluded. PAD was diagnosed by detecting hemodynamically significant stenoses/occlusions
of the main arteries of lower extremities. Hemodynamically significant stenoses were de-
fined as the presence of stenosis of at least 50% of the diameter reduction by ultrasound
duplex scanning [16–18].

Exclusion criteria: pregnancy; diagnosed systemic autoimmune diseases; severe
heart rhythm disorders (atrial fibrillation, frequent extrasystoles); presence of acute res-
piratory viral infections, fever of any genesis; exacerbation of concomitant chronic dis-
eases; blood diseases—thrombocytopenia, anemia (hemoglobin less than 90 g/L); skin
diseases that prevent the study; stage 5 chronic kidney disease (glomerular filtration
rate < 15 mL/min/1.73 m2 according to MDRD or CKD-EPI); taking hormone replacement
therapy, oral contraceptives; regular use of steroids, nonsteroidal anti-inflammatory drugs
(therapy with antiaggregants was not exclusion criterion).

Macro- and microhemodynamics in the vessels of the lower extremities were assessed
in all patients. To verify the diagnosis and assess the macrohemodynamic status in the
extremities, all patients underwent ultrasound duplex scanning and ABI measurements.

Perfusion in the foot tissues was assessed both using TcPO2 (as the reference standard
for this study) and the IOFF method.

TcPO2 was measured by using the TCM4 (Radiometer, Copenhagen, Denmark). The
skin was first wiped with an alcohol solution. The sticky fixation ring was fixed at the
dorsum of the foot between the first and second metatarsal heads just proximal to the
first and second toes. After a few droplets of an electrolyte solution enhancing contact
between the electrode and the skin, the electrode was fixed in the fixation ring (Figure 1a).
Registration of TcPO2 was carried out when they stabilized after 15–20 min of local heating.
A probe temperature of 44 ◦C was selected. The two feet were measured in sequence.
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2.2. Perfusion Measurement Using the IOFF Method

The foot tissue perfusion measurement using the IOFF method was performed using
prototypes of a new diagnostic device developed by the joint-stock company “Elatma
Instrument-Making Enterprise” (Ryazan, Russia).

Figure 1. (a) TcpO2 measurement procedure; (b) procedure for measuring perfusion using the IOFF
method.

The IOFF method is based on the analysis of low-frequency fluctuations (0–10 Hz) of
optical signals backscattered by tissues, initially emitted by the incoherent source—a light-
emitting diode (LED). The prototype device uses three LED emission sources operating
in the wavelength range of 560–580 nm and one silicon photodiode in the optical sensor.
The perfusion value calculated during signal processing is similar to that in laser Doppler
flowmetry (LDF) [15,19]. The method allows the assessment of perfusion measured in
perfusion units (PU).

The sensor was placed on the dorsal surface of the foot at the first intermetatarsal space
(the same location as for the TcPO2 electrode) (Figure 1b). The measurement was carried
out sequentially, first on the left leg, then on the right one. A total of 54 measurements were
taken in 27 patients.

Perfusion was recorded during a local heating test. The time duration of the test
was 6 min. Using heating plates integrated into the perfusion sensor, a thermoneutral
temperature of 32 ± 0.5 ◦C was maintained for the first 60 s, and the baseline perfusion
level (BP) was assessed. The heating plates were then heated at a rate of 1.5 ◦C/s to a
temperature of 42 ± 0.5 ◦C. This plate temperature was maintained until the end of the
measurement (for 5 min). An example of the perfusion curve obtained during the heating
test is shown in Figure 2.

The following parameters were assessed:
Baseline perfusion (BP) was calculated as the median baseline perfusion level for the

first 60 s of measurement.
Local thermal hyperemia 1–5 min (LTH 1–5 min) was calculated as the median perfu-

sion for each minute of heating.
Before the IOFF and TcPO2 measurements, all patients were at rest for 10 min in

the supine position, relaxed, head and heels supported, in a room with a comfortable
temperature. All patients were asked to refrain from smoking within 3 h prior to the
examinations. Thus, the IOFF perfusion measurement and the TcPO2 measurement were
performed at the same location and under the same conditions (patient positioning and
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preparation). Because the IOFF perfusion measurement and the TcPO2 measurement are
accompanied by a heat test, measurements were taken on different days.

Figure 2. Example of a perfusion curve obtained by IOFF during the local heating test.

2.3. Assessment of Macrohemodynamic Parameters

The ABI of each foot was calculated by dividing the higher pressure in the posterior
tibial or dorsalis pedis arteries by the higher systolic blood pressure in the right or left arm.
To record blood pressure, a Doppler probe was placed over the pulsing artery at a 45◦ to
60◦ angle to the surface of the skin [20].

The level and severity of arterial stenosis were assessed by the duplex ultrasound
scanning of the lower limb arteries using the Philips Affinity 50 (Philips Ultrasound,
Tampa, Florida, USA) and the Vivid 7 Dimension (GE Healthcare, Chicago, Illinois, USA).
The ultrasound protocol involved assessing the presence of hemodynamically significant
stenoses (at least 50% of the diameter reduction) in 6 main arteries of each lower limb
(common femoral artery, deep femoral artery, superficial femoral artery, popliteal artery,
anterior tibial artery, posterior tibial artery).

2.4. Statistical Analysis

Statistical analysis of the data was carried out using the RStudio 2021.09.0 Build
351 program using the R version 4.1.1 language. Medians and quartiles (Me (LQ; UQ))
were calculated for quantitative variables. Absolute (n) and relative (%) frequencies were
used for qualitative variables. Spearman’s correlation coefficient was used to assess the
correlation between quantitative variables. Thresholds for quantitative variables were
estimated using ROC analysis (pROC 1.18.0 package). The required sample size was
calculated using the “power.roc.test()” function. The level of the type I error (α) was set
equal to 0.05; null hypotheses were rejected at p < 0.05.

The required sample size was calculated using the power.roc.test() function from the
pROC package. The power of the study was set at 90%. The expected area under the ROC
curve for identifying limbs with low TcPO2 (<20 mmHg) was 0.8. The ratio of the number
of limbs without TcPO2 reduction to the number of limbs with TcPO2 reduction was set at
2 to 1 (κ = 2). Thus, at least 39 observations had to be recruited into the study in order to
achieve a 90% power level under these conditions. Since the different limbs of the patients
were analyzed as independent cases, at least 20 patients had to be included in the study.

3. Results

3.1. Study Population and Baseline Characteristics

A total of 27 patients were included in the study. The study was carried out on 54 feet.
The characteristics of the group are listed in Table 1.
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Table 1. Characteristics of the studied patients.

Parameter Value

Sex: male/female, n (%) 19 (70.4%)/8 (29.6%)

Age, years, Me (LQ; UQ) 64 (56; 68)

Body mass index, kg/m2, Me (LQ; UQ) 28.4 (26.5; 33.9)

Legs with hemodynamically significant artery
stenoses by duplex ultrasound 39 (72.2%)

Feet with lower-extremity ulcers, n 14 (51.9%)
Neuropathic foot ulcers 7 (50%)

Ischemic foot ulcers 2 (14.3%)
Neuro-ischemic foot ulcers 5 (35.7%)

ABI (recorded separately for each limb), Me
(LQ; UQ) 0.94 (0.88; 0.98)

>1.4, n (%) 1 (1.8%)
1–1.4, n (%) 7 (13%)

0.91–0.99, n (%) 18 (33.3%)
0.4–0.9, n (%) 16 (29.6%)

0.4, n (%) 1 (1.8%)
not defined, n (%) * 11 (20.3%)

TcPO2 (recorded separately for each limb), Me
(LQ; UQ) 34 (18; 48)

TcPO2 < 20 mmHg; 14 (25.9%)
20–39 mmHg; 17 (31.5%)

TcPO2 ≥ 40 mmHg. 23 (42.6%)

MNSI (Part A), Me (LQ; UQ) 9 (7; 9)

MNSI (Part B), Me (LQ; UQ) 7.00 (5.00; 7.75)

HbA1c, %, Me (LQ; UQ) 8.1 (7.12; 9.45)

eGFR according to CKD-EPI (mL/min/1.73
m2), Me (LQ; UQ) 82 (67; 86)

Comorbidities

Hypertension, n (%) 25 (92.6%)

Chronic heart failure, n (%) 10 (37%)

Angina pectoris, n (%) 10 (37%)
ABI—ankle-brachial index; eGFR using CKD-EPI—Estimated Glomerular Filtration Rate according to Chronic
Kidney Disease Epidemiology Collaboration; HbA1—glycated hemoglobin; LQ—lower quartile; Me—median;
UQ—upper quartile; MNSI—The Michigan Neuropathy Screening Instrument. * ABI was not detected on 11 limbs
due to the absence of a pulse in the arteries of the foot or due to severe pain syndrome.

3.2. Comparison of IOFF and TcPO2 Measurement Results

It was revealed that all perfusion parameters analyzed by the IOFF method correlated
significantly with the TcPO2 measurement with high correlation coefficients (Table 2).

Table 2. Correlation between the parameters of the IOFF signal and value of the TcPO2 assessed on
54 measurements (27 patients). The table shows the correlation coefficients.

TcPO2 p

BP 0.70 <0.001
LTH, 1 min 0.74 <0.001
LTH, 2 min 0.76 <0.001
LTH, 3 min 0.73 <0.001
LTH, 4 min 0.75 <0.001
LTH, 5 min 0.74 <0.001

BP—baseline perfusion; LTH 1–5 min—local thermal hyperemia for each minute of heating; p—statistical signifi-
cance.
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In order to assess this phenomenon in detail, all measurements were divided into three
subgroups: subgroup 1—TcPO2 < 20 mmHg (n = 14); subgroup 2—TcPO2 20–39 mmHg
(n = 17); subgroup 3—TcPO2 ≥ 40 mmHg (n = 23). These TcPO2 limits have been used
because, according to a number of studies, ulcer healing and limb prognosis are generally
poor if TcPO2 is <20 mmHg and are generally good if >40 mmHg [7].

The perfusion parameters estimated by the IOFF method were analyzed in each of the
subgroups separately and then compared (Figure 3).

Figure 3. Median and interquartile ranges of perfusion measured by IOFF at different time points of
the local heating test in legs with different TcPO2 levels (*—p < 0.05, **—p < 0.01, ****—p < 0.0001).

Baseline perfusion and local thermal hyperemia measured by the IOFF method differed
significantly in all three subgroups. Limbs with critically low transcutaneous oxygen
tension (TcPO2 < 20 mmHg) had a significantly lower baseline perfusion than those in the
subgroups 2 and 3. In the first subgroup, the increase in perfusion in response to heating
was also significantly less pronounced than in the limbs with higher TcPO2 values. In this
subgroup, there was low variability in all analyzed perfusion parameters. In cases where
the TcPO2 value was greater than 40 mmHg, the levels of BP and LTH were significantly
higher than in the subgroups 1 and 2. The hyperemic response peaked at 3 and 4 min
of heating.

Receiver operating characteristic (ROC) curve analyses were performed to assess the
ability to identify patients with a critical decrease in TcPO2 (<20 mmHg) based on the IOFF
perfusion measurements (Table 3).

Table 3. Area under the ROC curve showing the diagnostic potential of IOFF and ABI for identifica-
tion legs with a critical decrease in TcPO2 (<20 mmHg).

AUC LCL UCL

ABI 0.881 0.689 1
BP 0.927 0.831 1

LTH, 1 min 0.939 0.863 1
LTH, 2 min 0.943 0.874 1
LTH, 3 min 0.914 0.802 1
LTH, 4 min 0.941 0.865 1
LTH, 5 min 0.927 0.832 1

ABI—ankle-brachial index; AUC—area under the ROC curve; LCL—lower 95% confidence limit; UCL—upper
95% confidence limit; LTH 1–5 min—local thermal hyperemia for each minute of heating; BP—baseline perfusion.

All analyzed perfusion parameters from the IOFF measurement had a high diagnostic
potential in identifying patients with critically low TcPO2. The area under the ROC curve
for all IOFF parameters, including BP, was higher than that for ABI.
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The area under the curve (AUC) of the LTH, 2 min was 0.943 (95% CI 0.874–1) and had
an optimal cutoff value for the identification of limbs with critically low TcPO2 (0.989 PU),
with a sensitivity of 85.7% and a specificity of 90% according to the ROC analysis (Figure 4).

Figure 4. ROC curve showing the sensitivity and specificity of LTH, 2 min for identification of legs
with a critical decrease in TcPO2 (<20 mmHg).

4. Discussion

This study was the first to investigate the informative value of the IOFF technique in
assessing a foot tissue perfusion in patients with diabetes-related lower-extremity compli-
cations. High correlation coefficients of all perfusion parameters measured by IOFF with
TcPO2 (Rs 0.7 to 0.76) were demonstrated. The study showed that the IOFF method allows,
with a moderately high sensitivity of 85.7% and a specificity of 90.0%, the identification of
patients with a critical decrease in TcPO2 < 20 mmHg. Such a decrease in TcPO2 is known
to indicate a poor prognosis for ulcer healing and limb preservation, so identifying patients
in this group is of a great clinical importance [7,21].

Current assessment standards in lower extremity artery disease focus on macrovascu-
lar function with less emphasis on foot tissue perfusion measurements. However, measure-
ment of foot perfusion is extremely important because macro- and microvascular disorders
are not always congruent [22]. A variety of noninvasive diagnostic technologies have
been proposed as promising methods for assessing foot tissue perfusion (LDF, LDI, Laser
speckle contrast imaging, 2D perfusion imaging, fluorescence angiography, near-infrared
spectroscopy, cone-beam computed tomography, etc.) [6,22–26]. However, most of these
methods have not yet become widespread in clinical practice [6,25].

The ideal method for the assessment of a foot tissue perfusion should be inexpensive,
readily available, and reproducible, and its results should help the clinician to predict
wound healing and provide information that influences patient management [6]. The
development of such new methods is complicated by the lack of a widely applicable, highly
sensitive method that could be called the “gold standard” for studying perfusion and mi-
crocirculation in tissues. In this study, TcPO2 measurement was used as a reference method.
TcPO2 method has been shown to be highly informative in predicting the ulcer healing and
foot amputation, but the method is limited in application due to the cost of equipment,
consumables, and duration of the measurements [6,12,13]. Thus, the development of new,
widely available methods of assessing foot tissue perfusion can significantly improve the
quality of management of patients with diabetes-related lower-extremity complications.

A number of studies have evaluated the applicability of LDF and laser Doppler imag-
ing as a noninvasive optical method for assessing a tissue perfusion [6,27–30]. However,
these tools have not found widespread clinical application due to the high frequency of
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artefacts, sensitivity to ambient temperature, poor reproducibility, and high operator depen-
dence. In addition, the disadvantage of the LDF method is the very small volume of probed
tissue (1 mm3 or smaller) [9,31]. Previously, LDF has been shown to be less predictive of
ulcer healing and forefoot amputation than the TcPO2 testing [28].

The new IOFF method makes it possible to analyze the perfusion index similar to that
calculated by the LDF method. The use of LEDs makes it possible to significantly reduce
the cost of the sensors and device. LEDs also eliminate the need for lasers and fiber optics.
This reduces the impact of wire positioning on instrument performance. The penetration
depth at IOFF is 2–3 mm, which is slightly greater than in LDF. In addition, because of
the probe design, the signal is analyzed from a larger area of skin (~25 mm2). Due to this,
the signal backscattered from the tissue is collected from a larger tissue volume than in
LDF and includes deeper vascular plexuses and larger vessels [14,15]. This also reduces
the impact of local vascular network heterogeneity on measurement variability.

The assessment of perfusion by IOFF and TcPO2 are similar. Both procedures involve
the local heating test, and the measurement results are affected by a tissue blood supply.
However, perfusion assessment using the IOFF method is significantly less time consuming
than measuring TcPO2 (6 min vs. 20 min). In addition, the IOFF method does not require
expensive consumables, and the use of the light-emitting diodes makes the technology easy
to implement and potentially widely available. Expected cost of IOFF devices would be
about USD 2000. This low estimated cost is an important potential advantage of the IOFF
method over other methods of perfusion assessment (such as LDF, TcPO2, 2D perfusion
imaging, cone-beam computed tomography, etc.)

Thus, the new method IOFF may be promising as an informative, available and
convenient way to assess foot tissue perfusion in patients with diabetes-related lower-
extremity complications.

Additionally in this study, the IOFF method was compared with the results of measur-
ing ABI. The area under the ROC curve for all IOFF parameters was higher than that for
ABI for identification legs with a critical ischemia. However, it is known that the usefulness
of the ABI is limited in people with DM because of medial arterial calcification [11]. Thus,
in this population, the toe–brachial index (TBI) may be more informative [32]. However,
this index is not applicable for patients with an amputated big toe. Though TBI was not
measured in our study, it will be of great interest to compare the results of TBI and IOFF
assessment in further studies.

This first study of the IOFF technique foreshadows further necessary longitudinal
research, which should focus on endpoint analysis and the derivation of specific perfusion
thresholds for the probability of wound healing. For a more accurate assessment of the
applicability of the method IOFF in practical healthcare, further study of reproducibility,
testing of the methodology on large sample sizes, and evaluation of the predictive ability
of the method is required. It is also of great interest to explore the association between
flow and perfusion [33] and to assess the diagnostic informativeness of the method as a
screening tool for the detection of PAD in both diabetic and nondiabetic patients.

5. Limitations

In this study, we used strict inclusion/exclusion criteria. This reduced possible mea-
surement bias (e.g., associated with heart rhythm disorders or anemia) but may affect the
reproducibility of the result in “real-world practice”.

It is known that the duplex ultrasound scanning is an operator-dependent procedure.
The study was conducted at two independent centers, so the assessment of the duplex
ultrasound scanning was performed by several experts, which could affect the accuracy.

6. Conclusions

The results of the pilot study demonstrated a high correlation between the perfusion
parameters assessed by IOFF and TcPO2. A sensitivity of 85.7% and specificity of 90.0%
in identifying patients with critically decreased TcPO2 < 20 mmHg suggests that the IOFF
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technique may be promising as an informative, rapid, and noninvasive method of assessing
tissue perfusion.
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Abstract: A precise evaluation of caries excavation endpoint is essential in clinical and laboratory
investigations. Caries invasion differentiates dentin into structurally altered layers. This study
assessed these changes using Raman spectroscopy and Vickers microhardness. Ten permanent molars
with occlusal and proximal carious lesions were assessed and compared at 130 points utilizing four
Raman spectroscopic peaks: phosphate v1 at 960 cm−1, amide I (1650 cm−1), amide III (1235 cm−1)
and the C-H bond of the pyrrolidine ring (1450 cm−1). The phosphate-to-amide I peak ratio and
collagen integrity peak ratio (amide III: C-H bond) of carious zones were calculated and compared
in both lesions. The former ratio was correlated to 130 Vickers microhardness indentations through
lesions. The caries-infected dentin (CID) exhibited low phosphate peak, but higher amide I, III and
C-H bond peaks than other zones in both lesions. The peaks in amide regions (I and III) varied in
occlusal versus proximal lesions. A high correlation was found between mineral: matrix peak ratio
and equivalent microhardness number within carious lesions, while the collagen integrity peak ratio
was applied in proximal lesions only. Raman spectroscopy detected changes in the mineral and
matrix contents within different carious zones and regions.

Keywords: caries-infected dentin; caries-affected dentin; collagen integrity; Raman microscopy;
Vickers microhardness

1. Introduction

Dental caries is the most common multifaceted disease with a significant societal
impact that spreads worldwide [1]. The occlusal and proximal tooth surfaces are the most
susceptible sites for demineralization from the bacterial acidic by-products [2]. Although
the predominance of occlusal caries was higher [3], in which the bacterial accumulations re-
ceive the best protection in the deepest part of the groove-fossa system, carious progression
in smooth surfaces is also popular due to the difficulty of early detection using the standard
visual-tactile evaluation [4]. However, the radiographs and fiber-optic transillumination
can be beneficial, but they cannot always lead to a definitive diagnosis [5]. Carious dentin
is classified clinically and histologically into two main zones, superficial infected (CID) and
deeper affected layer (CAD), in which the delineation between them is critical in clinical
and laboratory investigations. The use of minimally invasive caries management reduces
unnecessary tissue removal and the risk of pulp exposure, whilst maximizing the repar-
ative potential of the dentin-pulp complex [6]. This includes complete excavation of the
superficial, bacterially contaminated and denatured dentin while preserving the remaining
harder affected dentin that can be sealed with therapeutic restorations [7]. Clinically, the
discrimination between the carious zones based on tissue hardness, moisture, color, fluores-
cence properties and dye stainability. Additionally, carious tissue removal methods can be
used to determine the endpoint, such as self-limiting burs and chemomechanical removal
agents. These methods are implemented in in vitro investigations but lack sufficient clinical
validation [8]. The laboratory studies assessed the mechanical properties of the carious
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dentin through relative changes in tissue hardness via Knoop or Vickers hardness test
as a gold standard to delineate the excavation margins. However, this test is considered
as an invasive, low-resolution test that damages tissues irreversibly preventing further
tissue analysis [9]. Furthermore, hardness clarifies the mechanical integrity without any
correlation to the biochemistry of the carious lesion. In contrast, the use non-invasive
analytical technology for in vitro studies such as Raman spectroscopy will help in assessing
the biochemical tissue changes during the caries process. It can be sufficiently sensitive
to the differences in the mineral and organic compositions of healthy and carious dentin
tissues through their specific molecular vibrational energy signatures [10]. Previous studies
utilized FTIR and Raman spectroscopy to identify the spectral characteristics of mineral-to-
matrix peak ratio, which represents the phosphate and amide I distributions through the
carious dentin lesion [11–14]. The phosphate peak intensity is related to the mineral content,
while the amide I peak intensity represents the organic component in dentin [15–18]. Thus,
this correlation is regarded as a biochemical measure for dentin demineralization, in which
the corresponding hardness values will help to identify the lesion characteristics in each
zone. The evaluation of the collagen in carious dentin has a significant importance, since
it affects the bond stability when bonded to adhesive resin restorations. The integrity
of the collagen triple helix in type I collagen membrane obtained from bovine Achilles
deep tendon was previously measured using attenuated total reflection Fourier transform
infrared (ATR-FTIR) [19]. In this method, a peak ratio of amide III: C-H bond of the pyrroli-
dine ring (1235 cm−1:1450 cm−1) was used as an indicator for the collagen integrity if it is
close to 1 [20]. However, this ratio was not tested on a natural dentin carious lesion using
Raman microscopy, to validate using this ratio as an indicator for the collagen integrity
in vitro investigations. The biochemical characterization of proximal carious lesions is
scarce in the literature. The susceptibility of different tooth surfaces for caries development
and progression is markedly differed in occlusal versus smooth surfaces [21], added to
differences in the inflammatory pulp response in proximal lesions as compared to occlusal
lesions [22]. This might necessitate an assessment of the structural changes in proximal
carious lesions in comparison to occlusal in the same tooth model. Accordingly, this study
evaluated and compared the changes in the mineral content and collagen matrix in different
carious zones of occlusal vs. proximal carious lesions using Raman microscopy. The null
hypotheses: (i) there were statistically no significant changes in the mineral and matrix
contents of demineralized carious lesions (CID and CAD) from sound dentin in each lesion
and between lesions, (ii) the collagen integrity ratio (Amide III: CH- bond of the pyrrolidine
ring) cannot be applied for a natural carious dentin lesion, and (iii) there was no statistical
correlation between Raman peak ratio of phosphate ν1:amide I ratio and the equivalent
VHN in occlusal and proximal carious dentin lesions.

2. Materials and Methods

2.1. Sample Preparation for Raman and Hardness Measurements

Ten permanent, freshly extracted human 1st molars were collected using an ethics
protocol approved by the health research committee (Ref No. 285521, 31 March 2021).
The teeth showed two active carious dentin lesions; occlusal and proximal at the contact
area and above the cementoenamel junction. The lesions showed score 4 following the
international caries detection and assessment system (ICDAS) [23], in which the lesion
extended halfway through the dentin without pulp exposure, then were stored in distilled
water in a cold cabinet (+4 ◦C). Samples were hemi-sectioned longitudinally (Isomet 1000,
Buehler, Lake Bluff, IL, USA) using a water-cooled diamond blade (330-CA/RS-70300,
Struers, Detroit Rd. Westlake, LLC, Cleveland, OH, USA), and then embedded in epoxy
resin molds. The surfaces were polished under running water using a polishing machine
(Laryee Technology, China), and silicon waterproof papers in a sequential pattern (P1200
for 10 s, P2500 for 10 s, and P4000 for 4 min) [13] to gain flat and smooth surfaces for
accurate measurements. A small steel round rotary bur was used to create a reference dot at
the enamel–dentin junction occlusally and proximally. These dots are visible under Raman
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spectroscopy and Vickers microhardness with a 500 μm distance between the examined
points, as shown in Figure 1.

 

800μm 
a 

b 
c 

Figure 1. The prepared lesion hemi-section was firstly analyzed using confocal Raman microscopy
followed by Vickers microhardness indenter across the lesion. The assessment started from the
enamel–dentin junction through the lesions towards the pulp in a straight path occlusally (a) and an
oblique path proximally (b). A control measurement was taken in an area of clinically sound dentin
(c) in the same sample. Six measurement areas were taken in each lesion with a 500 μm distance
between the examined points.

2.2. Raman Spectroscopy

A high-resolution confocal Raman microscope (Senterra, Bruker Optics, Ettlingen,
Germany) operating in line scan mode was used to scan the carious lesions and sound
dentin. A total of 130-point scans were made over twenty carious lesions (n = 13 per
tooth). The distance between the scanned points was 500 μm, and it was controlled using
a programmable sample stage with a 1μm resolution. Spectra acquisition was performed
using a 785 nm near-infrared diode laser and a 400 line/mm diffraction grating. An
Olympus 20X/0.40 NA objective lens was used to focus the laser on the sample surface
with a spot size of about 5 μm. The sectioned tooth was mounted on the sample stage using
plastic molding putty, and the Raman spectra for carious lesions and sound dentin were
measured over the range of 200–3600 cm−1 with 100 mW of laser power on each point. The
integration time for each spectrum was typically 30 s, with three accumulations. Spectrum
acquisition was conducted using the image stitching technique to collect a large area of
the mounted tooth (Figure 1). Baseline correction was performed by Raman processing
software (OPUS, Bruker Optics, Germany). After acquisition and spectra processing, four
Raman spectroscopic peaks were identified. The phosphate peak intensity v1 vibration at
960 cm−1, amide I peak intensity at 1650 cm−1, amide III at 1235 cm−1 and C-H bond of
the pyrrolidine ring at 1450 cm−1. Peak height intensities were calculated and averaged in
both lesions (occlusal and proximal) and the control point (sound dentin). The inorganic to
organic ratios of dentin components were assessed from the band intensities of phosphate
V1 at (960 cm−1) to amide I (1650 cm−1). While the collagen integrity at each zone was
assessed by calculating the absorbance ratio of 1235 cm−1:1450 cm−1 (n = 2 per zone,
then averaged).

2.3. Vickers Microhardness

The microhardness of demineralized dentin zones (caries-infected, caries-affected) and
sound dentin was measured using the Vickers microhardness tester (TH714, Obsnap Instru-
ments Sdn Bhd, Selangor, Malaysia). A square-based pyramid diamond-shaped indenter
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was used, with a load of 300 gf for 15 s [24]. A total of 130 indentations (n = 13 per lesion)
were made in the same straight path line that previously assessed by Raman microscopy.
These indentations started from the enamel–dentin junction occlusally and proximally
toward the pulp, with 500 μm interval between the examined points (Figure 1). Then, the
Vickers hardness number was recorded automatically using the manufacturer’s software.

2.4. Statistical Analysis and Spectral Correlation Processing with Hardness Measurements

The statistical analysis was performed using SPSS software version 25 (IBM, Chicago,
IL, USA). Shapiro–Wilk test was used to evaluate the normality of data distribution. The
data were statistically analyzed using one-way ANOVA followed by Tukey post hoc
multiple comparisons (p > 0.05) regarding the intensities of four Raman peaks (A.U.) and
Vickers microhardness number (VHN) in each zone per lesion. The independent t-test
(Minitab 14, Minitab LLC, Chicago, IL, USA) was performed for pairwise comparisons
between groups (α = 0.05) to assess the differences in these data between the occlusal and
proximal lesions at each zone. Additionally, Pearson’s correlation coefficient test was used
to explore if there is a correlation between Raman mineral: matrix peak ratio and their
equivalent microhardness values (VHN) at each point per lesion. The peak ratios were
determined after baseline correction in single spectra by dividing the intensity of phosphate
to the amide I (960 cm−1/1650 cm−1).

3. Results

3.1. Biochemical Analysis of Sound and Demineralized Zones in Occlusal and Proximal Lesions

The relative Raman band intensities (Mean ± SD) with statistical correlations in caries-
infected, caries-affected and sound dentin zones of the occlusal and proximal carious lesions
are shown in Table 1. All dentin layers (sound and demineralized) showed the evidence
of the four characteristic peaks; the phosphate peak intensity (symmetric P-O stretching
mode, v1-PO) at 960 cm−1 which represents the inorganic part of dentin, the amide I peak
intensity at 1650 cm−1, amide III at 1235 cm−1 and the C-H bond of the pyrrolidine ring at
1450 cm−1 which refer to the organic part of sound and demineralized dentin. One-way
ANOVA showed a statistically significant difference between sound and demineralized
(lesion) dentin regarding all Raman peaks in both lesions (p = 0.000). Fur-ther analysis
using Tukey post hoc multiple comparisons revealed that the phosphate band at 960 cm−1

in both lesions was statistically the lowest in caries-infected dentin zone (CID, p = 0.000),
but it was increased with increasing the mineral content in the caries-affected (CAD), and
then sound dentin with non-significant difference between occlusal and proximal lesions
in each zone (independent t-test, p > 0.05), Table 1.

In both carious lesions, the intensities of amide I, III and C-H bond of pyrrolidine ring
peaks (1650, 1235 and 1450 cm−1, respectively) were statistically higher in CID, with no
significant difference between CAD and sound dentin (p > 0.05), except the C-H bond of
pyrrolidine ring peak in the proximal carious lesions which was higher in CAD than in
sound dentin (p = 0.023), Table 1, Figures 2 and 3.

By comparing the peak intensity between the occlusal and proximal carious lesions,
it was found that there were statistically no significant differences in the intensity of the
phosphate peak (960 cm−1) between both lesions (p > 0.05) at each zone. For the Amide
I (1650 cm−1), the peak intensity in the caries-infected zone was higher in the occlusal
lesion as compared to the proximal (p = 0.014), while there was statistically no significant
difference in CAD and sound dentin zones between lesions (p > 0.05). The intensity of amide
III peak (1235 cm−1) was significantly higher in the occlusal carious lesion in all zones (CID,
CAD and sound dentin) in comparison to proximal carious lesion (p < 0.05). However, the
intensity of C-H bond of the pyrrolidine ring peak at 1450 cm−1 was comparable between
the occlusal and proximal lesions at each zone (p > 0.05).
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Table 1. Raman band intensities A.U. (Mean ± SD) of caries-infected, caries-affected and sound
dentin in occlusal and proximal carious lesions.

Raman Peaks
Carious Zones (n = 10

per Zone)
Mean of Peaks Intensity

(Occlusal Lesion) (Mean ± SD)
Mean of Peak Intensity

(Proximal Lesion) (Mean ± SD)

Phosphate peak v1-PO
(960 cm−1)

CID 89.0 ± 11.3 a 79.6 ± 7.7 a

CAD 344.4 ± 95.1 b 369.6 ± 84.6 b

Sound 2105.3 ± 112.1 *c 2156.4 ± 122.7 *c

Amide I (1650 cm−1)

CID 84.0 ± 7.1 * 68.5 ± 7.2 *ˆ

CAD 62.0 ± 9.6 d 60.5 ± 10.9 d

Sound 60.6 ± 9.9 e 51.81 ± 10.2 e

Amide III (1235 cm−1)

CID 112.1 ± 5.3 * 69.8 ± 3.7 *ˆ

CAD 80.4 ± 5.7 60.4 ± 6.0 ˆ

Sound 78.5 ± 11.5 56.7 ± 7.9 ˆ

C-H bond of
pyrrolidine ring

(1450 cm−1)

CID 88.9 ± 4.9 *f 85.3 ± 3.9 *f

CAD 74.9 ± 5.5 g 80.0 ± 5.7 g

Sound 70.7 ± 8.6 h 68.1 ± 9.8 h

(*) significant difference between sound and demineralized dentin (caries-infected or caries-affected), one-way
ANOVA test and Tukey post hoc tests (alpha level of 0.05). (ˆ) significant difference between occlusal and proximal
carious lesion (Independent t-test, p < 0.05). Similar letters in rows indicate no significant differences between
lesions (p > 0.05).

Figure 2. Representative Raman spectra of the caries-infected (CID), caries-affected (CAD) and sound
dentin in the occlusal carious lesion. The spectra were normalized based on the peak intensities
of v1-PO at 960 cm−1, which is the strongest signal among all Raman spectra, it is the highest in
sound dentin. Amide I at 1650 cm−1, Amide III at 1235 cm−1 and C-H bond of the pyrrolidine ring at
1450 cm−1 are the highest in CID. The inserted figure shows the magnified, same spectra in the range
from 1000 to 1700 cm−1.
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Figure 3. Representative Raman spectra of the caries-infected (CID), caries-affected (CAD) and sound
dentin in the proximal carious lesion. The spectra were normalized based on the peak intensities
of v1-PO at 960 cm−1, which is the strongest signal among all Raman spectra, it is the highest in
sound dentin. Amide I at 1650 cm−1, Amide III at 1235 cm−1 and C-H bond of the pyrrolidine ring at
1450 cm−1 are higher in CID and CAD than sound dentin. The inserted figure shows the magnified,
same spectra in the range from 1000 to 1700 cm−1.

To analyze the integrity of the collagen triple helix, a mean absorbance ratio of amide
III bands at 1235 cm−1 and the pyrrolidine ring at 1450 cm−1 was calculated. In the proximal
carious lesion, the mean ratio in the caries-infected dentin was 0.7 ± 0.2, while the mean
ratio in CAD was 0.9 ± 0.2 that was close to sound dentin (1.0 ± 0.3). This demonstrates a
lack of collagen denaturation in the CAD zone. However, this ratio was not applied in the
occlusal carious lesion that showed a very high absorbance band of the amide III bands at
1235 cm−1 (amide III) than that of the pyrrolidine ring at 1450 cm−1, Figure 2.

3.2. Vickers Microhardness

The change in the mineral content of the carious lesions was also measured via a
mi-crohardness test. One-way ANOVA revealed a statistically significant difference among
different dentin layers (sound vs. demineralized, p = 0.000) with no significant difference
found between occlusal and proximal lesions at each zone (independent t-test, p > 0.05).
Further analysis by Tukey post hoc multiple comparisons test showed that there was a
marked reduction in VHN in CID at occlusal and proximal lesions (20.2, 22.6, respectively),
which was significantly higher in CAD (34.4, 32.5, respectively, p = 0.000), followed by
sound dentin (54.1, 53.2, respectively, p = 0.000), as shown in Figure 4.
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Figure 4. Means of Vickers microhardness number (VHN) of the sound and demineralized dentin
(caries-infected and caries-affected) in occlusal and proximal lesions. (*) Statistically significant
difference of demineralized dentin from sound (p < 0.001). Similar litters mean statistically non-
significant differences (p > 0.05) between different dentin zones in occlusal vs. proximal lesions.

3.3. Raman Spectral Correlation with Vickers Microhardness (VHN)

The peak ratios of phosphate ν1: amide I of the selected points in each carious lesion
(occlusal and proximal) were calculated and plotted against Vickers hardness numbers
(VHN) as a scatter diagram, as shown in Figure 5. The coefficient of determination was
calculated across the assessed points in the occlusal and proximal lesions, in which the
R2 = 0.90 and 0.94, respectively, (p = 0.000). The statistically significant high correlation
between peak ratio and VHN in both lesions indicates that they showed a logarithmic
regression relationship which enable the calculation of the tissue hardness when the peak
ratio was measured.

 

Figure 5. A scatter plot and a regression line (R) demonstrating the presence of a logarithmic
regression relationship (p < 0.000) between the Raman peak ratios (phosphate v1: amide I) and
Vickers microhardness (VHN) in the sound and demineralized dentin (CID and CAD) in the occlusal
lesion (A) and proximal lesion (B). The peak ratio is lower in CID with reduced mineral contents
which gradually increased towards sound dentin (more phosphate v1).

4. Discussion

The improved understanding of the caries process and biology of the dentin-pulp
defense and the regenerative responses encouraged the application of minimally invasive
caries removal rather than the traditional surgical excavation approach. This approach
relies on accurate caries diagnosis, then identifying the excavation endpoint to exclude
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the irreversibly caries-infected dentin while preserving the remineralizable caries-affected
dentin to enhance the long-term survival of the dentin-pulp complexes. Caries invasion
leads to the differentiation of dentin into zones with altered composition, collagen integrity
and mineral identity. However, the understanding of these changes from the fundamental
perspective of molecular structure is limited. Accordingly, this study provided a map of
the biochemical changes through the different carious dentin zones in two lesion models
(occlusal and proximal) utilizing Raman spectroscopy to extract the molecular information
of each zone regarding the hydroxyapatite’s structural changes and collagen denaturation
as the dentin transition from the superficial caries-infected zone (CID) into sound dentin.
The integrity of collagen’s triple helical structure was also evaluated based on spectra
collected from demineralized dentin (carious lesions) of the selected teeth. The results
support the argument that there are statistically significant changes (p < 0.000) in the
biochemical components across the carious lesions from the superficial layers towards
sound dentin.

From a biochemical perspective, the mineral content was detected via the phosphate
peak (PO4

−3 ν1) at 960 cm−1, which was the strongest signal among all Raman spectra.
This peak is referred to the degree of demineralization in natural carious enamel and
dentin [25,26]. In accordance with Almahdy et al. (2012) and El-Sharkawy (2019) [18,26],
the mineral content was dropped significantly (p = 0.000) in CID, but higher in CAD towards
sound within the same sample with no significant differences in the intensities between the
occlusal and proximal carious lesions (p > 0.05) at each zone. The presence of amorphous
Ca/P provides a local ion-rich environment, which is favorable for in situ generation of
prenucleation clusters, succeeding further dentin remineralization [27]. Accordingly, the
first stated hypothesis was partially rejected as the mineral content represented by the
phosphate peak intensity differed among different dentin zones (sound and demineralized)
but was comparable between occlusal and proximal lesions.

Amide I peak (1650 cm−1) is the most prominent organic component of dentin, pre-
dominantly type I collagen [28]. This band is assigned to Y8a tyrosine side chain of
solution-phase collagen representing the secondary structure of proteins [29]. It was used
in many studies to detect changes in the molecular structure of collagen [16,30]. The amide
I content was higher in CID in both lesions, and decreased in CAD and sound dentin, as
shown in Figures 2 and 3. It was also higher in occlusal than proximal carious lesion. This
might be attributed to the higher proteins in the infected layer than sound dentin [31].
The intensity of amide I is correlated to the non-reducible cross-links in collagen [32],
which means that there is an apparent change in the molecular structure of collagen in
the superficial CID layer in both lesions. This alteration in collagen is correlated to the
presence of esters in the carious tissues [17] derived from the bacterial lipid components.
This will promote esterification of the carboxylic side-chains of aspartate and glutamate
residues catalyzed by the acidic environment (lactic acid) [33]. The closer proximity in the
intensity of this band between CAD and sound dentin in both lesions might indicate the
importance of preserving this layer since the organic matrix in dentin regulates the growth
and maturation of apatite crystals and thus the mineralization process.

The organic component of carious dentin has a major role in the progression of
carious development [16,34]. It represents the integral component of the mineralized
tissue, but after demineralization, they become exposed and altered structurally [17].
The demineralization process in carious dentin can be assessed by the difference in the
mineral/protein band ratio of sound and carious dentin. The band ratio of amide I at
∼1650 cm−1, which is the most prominent organic moiety in dentin, and the phosphate ion
at ∼960 cm−1 was used in spectroscopic studies [13,14,17,35] to analyze the distribution
of mineral content in the dental tissues. Using this band ratio, the Raman peaks graphs
showed the heterogeneous nature of caries dentin in terms of mineral distribution with
lower values for carious-infected dentin compared to CAD and sound dentin. This band
ratio increased by increasing the mineral content in the caries-affected zone followed by
sound dentin in both lesions, as shown in Figure 5.
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The integrity of the collagen triple helix was evaluated by assessing the ratio of
the absorbance bands of amide III at ∼1235 cm−1 and CH2 scissoring at ∼1450 cm−1

(stereochemistry of the pyrrolidine rings). The former peak is sensitive to the presence of
secondary structure of collagen, while the latter is independent of the ordered structure of
collagen [20]. The ratio indicates collagen with an integral triple helical structure. If the
value is close to 1, but if the ratio <0.8, it means that there is a breakdown of the triple helix in
this zone, such as gelatin [19,20]. The mean ratio of amide III: CH2 (1235 cm−1:1450 cm−1)
was 0.7 in CID in the proximal lesion, 0.9 in CAD that was close to sound dentin (1.0)
which indicates the integrity of collagen fibers that is essential for the remineralization
processes. This supported that the infected layer with comprised denatured collagen, loses
the potential for remineralization and must be removed. Conversely, the affected layer, that
is partially demineralized and remineralizable with collagen fibrils retaining their natural
structure around intact dentinal tubules, is to be preserved to maximize the reparative
potential and reduce the risk of pulp exposure [36]. However, this ratio was not achieved
in the occlusal carious lesion model. This is due to the higher absorbance of amide III than
CH2-CH- bands in the CID zone, as shown in Figure 2, with statistically no significant
difference between CAD and sound dentin (p > 0.05). This is referred to as the increased
aliphatic side-groups of various amino acid residues in the infected tissues in these lesions
which promote the demineralization process [37]. The difference between the occlusal and
proximal lesions indicate that this ratio cannot be applied for all carious studies due to the
variation in collagen denaturation in various tissues and regions. This is due to the variety
in depth, degree of organic matrix destruction and loss of mineral content which affect
tissue response to different therapeutic materials in an attempt to repair and remineralize
the damaged tissues. Accordingly, the second stated hypothesis was partially accepted.

The caries-infected dentin showed higher accentuated amide I and III peaks in oc-
clusal lesions in comparison to proximal carious lesions, which might be due to the higher
aliphatic content. This is also might be attributed to the fact that the dentin subjacent to
proximal enamel caries forms mineral crystals obliterating the main transport pathways
(dentinal tubules), creating sclerotic dentin close to the enamel–dentin junction even before
the demineralization reaches the enamel–dentin junction [38]. However, a histological
study [39] reported a higher frequency of deep dentin demineralization (>50%) in proximal
lesions than occlusal lesions under microradiography with contrast (MRC). This might sug-
gest the presence of facilitated transport pathways for dentinal fluid in dentin underlying
the proximal enamel lesion, since the tubules in sclerotic dentin are partially obliterated [40].
This induces a facilitated transport of dentinal fluid into the pores of carious enamel mixed
with enamel fluid, and then with bacterial biofilm fluid, and thus promoting the carious
progression in proximal lesions.

The microhardness values remain the gold standard for characterizing sound and
demineralized dentin tissues in most in vitro studies. It is correlated to the clinical me-
chanical excavation procedures, and also can predict the behavior of dentin/restoration
interfaces, as the regional differences in tissue hardness can alter the distribution of stresses
along the interface and thus affecting the preferential location of failures. Additionally, it
represents a direct measure of the hydroxyapatite (HAp) crystals present in dental hard
tissues. This study showed a gradual increase in tissue hardness from the superficial cari-
ous layer towards the deeper area of the carious lesions towards sound dentin (p = 0.000).
The caries-infected dentin showed the lowest VHN values in both lesions <25, Figure 4,
which is attributed to the greater dissolution of HAp compared to the deeper CAD layer
(<40) that has the potential to be repaired when sealed with self-adhesive restorations.
However, the carious dentin lesion in vivo progresses in a continuous wave rather than
distinct zones with gradual transitions in histology and bacteriology from enamel to pulp,
it is perhaps rather simplistic to consider the lesion as three distinct zones as described
above, but clinically, this analysis has merit because it allows for more reliable, efficient
and reproducible operative treatment [41].
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Raman can potentially evaluate the carious dentin non-destructively, as an alternative
to the invasive, low-resolution hardness tests. This study found statistically significant
correlations (R2 = 90, 94%; p = 0.000) between Raman peak ratio (phosphate v1: amide
I) and Vickers microhardness number (VHN) in both lesions as shown in Figure 5. This
Raman ratio was selected since the mineral content is considered as an indicator of the
inherent physical properties of hard tissues. This correlation supports the use of this non-
invasive high-resolution technique for chemical characterization in in vitro hard tissue
studies rather than the physical tissue microhardness. This has important implications for
the tissue pathogenesis and the minimally invasive treatment modalities. Consequently,
the third stated hypothesis was rejected.

5. Conclusions

Based on the overall results of this study, the use of Raman spectroscopy and sub-
sequent spectra analyses are highly useful for probing the molecular structure of carious
dentin in various zones and regions. Raman detected structural changes in the inorganic
and organic components of demineralized dentin in comparison to sound dentin in various
regions. In which the mineral distribution was the lowest in the caries-infected dentin
zone with no differences between occlusal and proximal lesions, whilst the collagen cross-
link and triple helical structure were altered differently in carious zones and lesions. The
presence of a statistical correlation between the Raman phosphate to amide I peak ratio
with VHN supports the use of this non-invasive high-resolution technique for chemical
characterization in in vitro studies. This will help further understanding of carious progres-
sion and assessing the remaining dentin tissues after different caries removal techniques
following the minimally invasive approaches.
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Abstract: Line-field confocal optical coherence tomography (LC-OCT) is a new, noninvasive imaging
technique for the diagnosis of skin cancers. A total of 243 benign (54%) and malignant (46%) skin
lesions were consecutively enrolled from 27 August 2020, to 6 October 2021 at the Dermatology
Department of the University Hospital of Siena, Italy. Dermoscopic- and LC-OCT-based diagnoses
were given by an expert dermatologist and compared with the ground truth. Considering all
types of malignant skin tumours (79 basal cell carcinomas (BCCs), 22 squamous cell carcinomas,
and 10 melanomas), a statistically significant increase (p = 0.013) in specificity was observed from
dermoscopy (0.73, CI 0.64–0.81) to LC-OCT (0.87, CI 0.79–0.93) while sensitivity was the same with
the two imaging techniques (0.95 CI 0.89–0.98 for dermoscopy and 0.95 CI 0.90–0.99 for LC-OCT).
The increase in specificity was mainly driven by the ability of LC-OCT to differentiate BCCs from
other diagnoses. In conclusion, our real-life study showed that LC-OCT can play an important role in
helping the noninvasive diagnosis of malignant skin neoplasms and especially of BCCs. LC-OCT
could be positioned after the dermoscopic examination, to spare useless biopsy of benign lesions
without decreasing sensitivity.

Keywords: optical coherence tomography; tumor; basal cell carcinoma; imaging; squamous cell carcinoma

1. Introduction

Line-field confocal optical coherence tomography (LC-OCT) is a new, noninvasive skin
imaging technique that combines the advantages of optical coherence tomography (OCT)
and reflectance confocal microscopy (RCM) in terms of spatial resolution, penetration, and
image orientation, overcoming their respective limits [1–5]. LC-OCT has a higher resolution
than OCT (~1 μm) [6–8] and higher penetration [9] depth than RCM (~500 μm), and it
creates both vertical and horizontal images in real time [10–13].

Recently, LC-OCT [14] has been gaining attention because it has been shown that this
device can help the clinical diagnosis of different neoplastic [15–18], inflammatory [19–23],
and infectious [24,25] skin diseases. In particular, it has proven to be very effective in
identifying basal cell carcinoma (BCC) [26], even managing to differentiate its histological
subtypes [27] and to follow-up noninvasive treatment [28]. Furthermore, this noninvasive
diagnostic technique can be used to help the differentiation of actinic keratosis (AK) from
squamous cell carcinoma (SCC) [29–31] and to monitor the field of cancerization-directed
treatments [32].
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Many descriptive studies have shown the relevance of this imaging device for the
diagnosis of cutaneous tumours, and our study aimed to evaluate the sensitivity and
specificity of LC-OCT compared to dermoscopy for the diagnosis of skin tumours in a
real-life setting in a third-level dermatology department.

2. Materials and Methods

2.1. Study Design

Prospective observational, monocentric study.

2.2. Setting

Patients were enrolled from the 27 August 2020 to the 6 October 2021 at the Dermatol-
ogy Department of the University Hospital of Siena, Italy, from the melanoma prevention
outpatient ambulatory. The study was conducted according to the criteria set by the
Declaration of Helsinki. All data were deidentified before use.

2.3. Participants

We enrolled consecutive patients with cutaneous lesions of clinical and/or dermo-
scopic uncertain diagnosis of possible malignant skin tumours that needed to be removed
or followed up according to a skin imaging expert dermatologist (E.C.) and that had
LC-OCT examination.

2.4. Imaging Examination

Dermoscopy was performed both with a hand-held 10× dermoscope (DermLite DL4,
DermLite, San Juan Capistrano, USA) and a 20× videodermoscope (Vivacam, Mavig,
Munich, Germany). LC-OCT (DeepLive, Damae, France) was performed in horizontal
and vertical scans and 3D mode, and a video was acquired on the operator’s judgment.
Following manufacturer recommendations, lesions in the patients’ periocular region were
excluded from LC-OCT examination.

Dermoscopic and LC-OCT diagnoses were given by an expert in skin imaging (E.C.)
during the imaging examination of the lesions and were registered on the LC-OCT device.
Concerning LC-OCT, BCC was diagnosed by the presence of tumour lobules [27], SCC by
the presence of atypical keratinocytes in the entire epidermis [31,32], and melanoma by
the presence of atypical bright cells that were sparse inside the epidermis and/or inside
melanocytic nests [12–15]. The lesions suggesting malignant skin tumours at dermoscopic
and/or LC-OCT examination were biopsied or surgically removed for histological diagno-
sis. The others were followed up for at least one year.

2.5. Statistical Analysis

The sensitivity and specificity of each technique (LC-OCT and dermoscopy) for the
diagnosis of BCC, SCC/Bowen disease (i.e., SCC or Bowen disease), AK/SCC/Bowen
disease (i.e., AK or SCC or Bowen disease) group and malignant tumour were calculated
with their exact 95% confidence interval (CI) by using the histopathological diagnosis
obtained from an incisional or excisional biopsy as the gold standard; a distinct analysis
was also performed, including the lesions that had a final diagnosis based on a follow up
of at least one year without a histological examination.

The sensitivity and specificity of LC-OCT and dermoscopy for the diagnosis of the
different skin tumours were compared by using the proportion test. p values < 0.05 were
considered statistically significant. All statistical analyses were conducted by using R
(version 4.0.3., R foundation for statistical computing).

3. Results

We included 196 patients (81 women, 115 men; mean age of 64.45 years, range 0–
96 years) with 243 lesions; 226 lesions were histopathologically confirmed (Table 1) and
17 lesions had a final diagnosis after a follow-up of at least one year. Sensitivity and speci-
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ficity of dermoscopy and LC-OCT for BCC, SCC/Bowen disease group, AK/SCC/Bowen
disease group, and malignant tumour considering histopathology as the gold standard are
reported in Table 2.

Table 1. Confusion matrix: dermoscopy vs. histology and LC OCT vs. histology.

HISTOLOGY

BCC
(n = 79)

Benign ML
(n = 22)

Melanoma
(n = 10)

AK
(n = 16)

SCC
(n = 22)

Inflammatory
Lesion(n = 14)

Rare
Disease
(n = 5)

Other
(n = 58)

DERMOSCOPY
(in case of
multiple

diagnoses on
dermoscopy, the
worst diagnosis

was retained)

BCC (n = 96) 76 2 0 1 2 3 0 12

Benign ML (n = 17) 0 15 1 0 0 0 0 1

Melanoma (n = 14) 0 5 9 0 0 0 0 0

AK (n = 15) 1 0 0 12 1 0 0 1

SCC (n = 26) 1 0 0 3 17 2 0 3

Inflammatory
lesion (n = 6)

0 0 0 0 0 5 0 1

Rare disease (n = 5) 0 0 0 0 0 0 5 0

Other (n = 47) 1 0 0 0 2 4 0 40

LC-OCT
(in case of
multiple

diagnoses on
LC-OCT, the

worst diagnosis
was retained)

BCC (n = 84) 77 1 0 0 0 1 0 5

benign ML (n = 20) 0 17 1 0 0 0 0 2

Melanoma (n = 13) 0 3 9 0 0 0 0 1

AK (n = 18) 1 0 0 14 2 0 0 1

SCC (n = 24) 1 0 0 1 19 1 0 2

Inflam (n = 9) 0 0 0 0 0 8 0 1

rare disease (n = 5) 0 0 0 0 0 0 5 0

Other (n = 53) 0 1 0 1 1 4 0 46

Table 2. Sensitivity and specificity of dermoscopy and LC-OCT considering only histologically
confirmed cases.

DERMOSCOPY LC-OCT p-Value

BCC
(n = 79)

TP/P 76/79 77/79

TN/N 127/147 140/147

Sensitivity (CI) 0.96 (0.89–0.99) 0.97 (0.91–1.00) 1

Specificity (CI) 0.86 (0.80–0.91) 0.95 (0.90–0.98) 0.015

SCC/Bowen
(n = 19)

TP/P 17/22 19/22

TN/N 195/204 199/204

Sensitivity (CI) 0.77 (0.55–0.92) 0.86 (0.65–0.97) 0.696

Specificity (CI) 0.96 (0.92–0.98) 0.98 (0.94–0.99) 0.415

AK/Bowen/SCC
(n = 36)

TP/P 33/38 36/38

TN/N 180/188 182/188

Sensitivity (CI) 0.87 (0.72–0.96) 0.95 (0.82–0.99) 0.428

Specificity (CI) 0.96 (0.92–0.98) 0.97 (0.93–0.99) 0.785

Malignant vs. non
Malignant
(n = 111)

TP/P 105/111 106/111

TN/N 84/115 100/115

Sensitivity (CI) 0.95 (0.89–0.98) 0.95 (0.90–0.99) 1

Specificity (CI) 0.73 (0.64–0.81) 0.87 (0.79–0.93) 0.013
TP, true positive; P, positive; TN, true negative; N, negative.
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3.1. Diagnostic Performances of Dermoscopy and LC-OCT Considering Only Cases with
Histological Diagnoses
3.1.1. Dermoscopy and LC-OCT Diagnostic Performances for BCC

Considering the 79 histopathologically confirmed BCCs, LC-OCT showed higher
specificity (0.95, CI 0.90–0.98; p = 0.015) for BCC diagnosis than dermoscopy (0.86, CI 0.80–
0.91, p = 0.015), and no statistically significant difference in sensitivity (0.97 CI 0.91–1.00 for
LC-OCT and 0.96 CI 0.89–0.99 for dermoscopy; Table 2). Dermoscopy had 20 false positive
(FP) cases that histologically corresponded to two nevi, one AK, two Bowen diseases in
situ, three inflammatory lesions, a scar, and 11 benign nonmelanocytic lesions (including
a solar lentigo, a seborrheic keratosis (SK), a lichenoid keratosis, a xanthogranuloma, a
sebaceoma, a trichilemmoma, a trichoblastoma, and a neurofibroma). LC-OCT had seven
FP cases that histologically corresponded to one nevus, one inflammatory lesion, and
five benign nonmelanocytic lesions. LC-OCT enabled us to correctly diagnose 13 of the
20 dermoscopic FP BCCs as four inflammatory lesions, two cases of normal skin, two Bowen
diseases, one AK, one nevus, one neurofibroma, one scar, and one xanthogranuloma. Three
dermoscopic false negative (FN) cases were diagnosed at dermoscopy as AK, SCC, and SK
and histologically corresponded to two infiltrative BCCs and a superficial microinvasive
BCC. Two of these FN cases were also FN at LC-OCT and were diagnosed as AK and SCC,
while they corresponded to two infiltrative BCCs at histopathology.

3.1.2. Dermoscopy and LC-OCT Diagnostic Performances for the Diagnosis of
SCC/Bowen Disease

LC-OCT showed a slightly higher sensitivity (0.86, CI 0.65–0.97) for SCC/Bowen
disease diagnosis than dermoscopy (0.77, CI 0.55–0.92), which did not reach a statisti-
cally significant difference. Concerning specificity, no statistically significant difference
was found (0.98, CI 0.94–0.99 for LC-OCT and 0.96,0.92–0.98 for dermoscopy; Table 2).
Among the 22 histopathologically confirmed SCC/Bowen diseases, there were nine FP at
dermoscopy, five FP at LC-OCT, five FN on dermoscopy, and three FN on LC-OCT (two
of them were Bowen diseases in situ diagnosed as AK). The nine FP at dermoscopy were
histologically diagnosed as one BCC, three AKs, two inflammatory lesions, one dermatofi-
broma, one granulomatous lesion, and one microcystic adnexal carcinoma; the five FP at
LC-OCT were histologically diagnosed as one BCC, one AK, one inflammatory lesion, one
dermatofibroma, and one granulomatous lesion.

The five FN at dermoscopy were diagnosed as one AK, two BCCs, one SK, and
one granuloma, and corresponded to four Bowen diseases in situ and one microinvasive
keratoacanthoma at histopathology; the three FN at LC-OCT were diagnosed as two
AKs and one SK and corresponded to two Bowen diseases in situ and a microinvasive
keratoacanthoma at histopathology.

3.1.3. Dermoscopy and LC-OCT Diagnostic Performances for the Diagnosis of
AK/SCC/Bowen Disease

LC-OCT showed higher sensitivity and specificity than dermoscopy for AK/SCC/
Bowen disease diagnosis (sensitivity of 0.87 (CI 0.72–0.96) for dermoscopy and 0.95 (CI
0.82–0.99) for LC-OCT, specificity of 0.96 (CI 0.92–0.98) for dermoscopy and 0.97 (CI 0.93–
0.99) for LC-OCT (Table 2)). However, the difference in sensitivity and specificity did not
reach statistical significance.

3.1.4. Dermoscopy and LC-OCT Diagnostic Performances for Malignant Tumour

Considering only the cases with a histologic diagnosis of malignancy, we observed
a significant increase of specificity from 0.73 (CI 0.64–0.81) with dermoscopy to 0.87 (CI
0.79–0.93) with LC-OCT (p = 0.013) for a malignant tumour, whereas the sensitivity was
similar with the two imaging techniques (0.95 CI 0.89–0.98 for dermoscopy and 0.95 CI
0.90–0.99 for LC-OCT). The group of malignant tumours included both skin carcinomas
and melanomas.
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3.1.5. Diagnostic Performances of Dermoscopy and LC-OCT Considering Both Histological
and Follow-Up Diagnoses

The sensitivity and specificity of dermoscopy and LC-OCT for BCC and malignant
tumour considering as comparison the diagnoses derived from histopathology and follow-
up at least one year are reported in Table 3.

Table 3. Sensitivity and specificity of dermoscopy and LC-OCT considering histology and follow-
up diagnoses.

DERMOSCOPY LC-OCT p Values

BCC
(n = 79)

TP/P 76/79 77/79

TN/N 127/160 153/160

Sensitivity (CI) 0.96 (0.89–0.99) 0.97 (0.91–1.00) 1

Specificity (CI) 0.79 (0.72–0.85) 0.96 (0.91–0.98) p < 0.001

Malignant vs. non
Malignant
(n = 111)

TP/P 105/111 106/111

TN/N 84/132 117/132

Sensitivity (CI) 0.95 (0.89–0.98) 0.95 (0.90–0.99) 1

Specificity (CI) 0.64 (0.55–0.72) 0.89 (0.82–0.93) p < 0.001

3.1.6. Dermoscopy and LC-OCT Diagnostic Performances for BCC (Including 13 Cases
without a Histological Diagnosis)

Considering both the cases with histology and follow-up of at least one year, LC-OCT
enabled us to correctly diagnose 26 over 33 dermoscopic FP cases: seven inflammatory
lesions, three cases of normal skin, three scars, two Bowenoid SCCs in situ, two AKs, three
nevi, one neurofibroma, one xanthogranuloma, one seborrhoeic keratosis, one rosacea,
one sebaceous hyperplasia, and one scaly crust with papillomatosis. Among these cases,
LC-OCT allowed us to save 13 excisions. Considering these 13 FP lesions at dermoscopy
for which BCC was excluded after LC-OCT and for which surgical excision was not done
(assuming that the follow-up >1 year of these patients could confirm the absence of BCC),
the specificity for BCC diagnosis increased from 0.79 (CI 0.72–0.85) for dermoscopy to 0.96
(CI 0.91–0.98) for LC-OCT (p < 0.001). Sensitivity was similar for LC-OCT (0.97, CI 0.91)
and dermoscopy (0.96, CI 0.89–0.99, Table 3).

3.1.7. Dermoscopy and LC-OCT Diagnostic Performances for Malignant Tumours
(Including 17 Cases without a Histological Diagnosis)

Considering the 17 FP lesions at dermoscopy for which malignancy was excluded after
LC-OCT and surgical excision was not done (assuming that the follow-up of these patients
could confirm the absence of malignant tumour), the specificity for malignancy increased
respectively from 0.64 (CI 0.55–0.72) of dermoscopy to 0.89 (CI 0.82–0.93, p < 0.001) for
LC-OCT. Sensitivity was similar: 0.95 (CI 0.90–0.99) for LC-OCT and 0.95 (CI 0.89–0.98) for
dermoscopy (Table 3).

4. Discussion

Our study showed that LC-OCT can increase specificity for the noninvasive diagnosis
of skin cancers compared to dermoscopy. Considering histopathology as a gold standard
and analyzing only the cases with histological diagnosis (Table 2), we found an increase
in specificity for the diagnosis of BCC from 0.86 (0.80–0.91 CI) for dermoscopy to 0.95
(0.90–0.98 CI) for LC-OCT (p = 0.015). The sensitivity was similar with the two methods
(0.96 CI 0.89–0.99 for dermoscopy with three FN cases and 0.97 CI 0.91–1.00 for LC-OCT
with two FN cases).

The same analysis including the cases that were diagnosed based on a follow-up of
at least one year and that lacked histopathological examination obtained similar results.
We found an increase in the specificity for the diagnosis of BCC from 0.79 (CI 0.72–0.85)
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for dermoscopy to 0.96 (CI 0.91–0.98) for LC-OCT (p < 0.001), whereas with regard to
sensitivity we did not find any statistically significant difference between dermoscopy
(0.96 CI 0.89–0.99) and LC-OCT (0.97 CI 0.91–1.00). Similar sensitivity results probably
reflect the current use of LC-OCT as a secondary-level technique on skin lesions that are
already identified as suspicious by dermoscopic examination. In most cases, LC-OCT easily
confirms the dermoscopic diagnosis of a malignant tumour [27] and it is interesting to
note that in clinical practice, LC-OCT is useful to increase the diagnostic confidence of the
dermatologist and to confirm the need for surgical excision.

LC-OCT only missed two infiltrative BCCs, and retrospective examination of their
images revealed hyperkeratosis thickness ranging from 200 to 300 μm with no visible
dermis in one case and poor image in the other case

Concerning specificity, LC-OCT significantly reduced the cases of false positives (FP)
BCCs in our series. 13 FP cases of BCC at dermoscopy were correctly diagnosed with
LC-OCT (Table 3; Figures 1 and 2). These data are consistent with the latest studies on
LC-OCT that highlight how this technique can easily recognize BCC imitators [20,33–35].

 
Figure 1. False positive case of basal cell carcinoma at dermoscopy. Clinical (a), dermoscopic (b), and
LC-OCT images (c,d). Dermoscopy identified the lesion as a basal cell carcinoma, while LC-OCT
as healthy skin. Histology confirmed the diagnosis of healthy skin. Dashed line (b) indicates the
approximate area of the LC-OCT imaging. White scale bar in LC-OCT images: 100 μm.
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Figure 2. False positive case of basal cell carcinoma at dermoscopy. Clinical (a), dermoscopic (b),
and LC-OCT images (c,d). Dermoscopy identified the lesion as a basal cell carcinoma, while LC-
OCT identified it as healthy skin. Histology confirmed the diagnosis of healthy skin. Dashed line
(b) indicates the approximate area of the LC-OCT imaging. White scale bar in LC-OCT images:
100 μm.

There were only seven FP cases at LC-OCT, and three of them corresponded to be-
nign skin tumours that can share histopathological similarities with BCC: a sebaceoma, a
trichoblastoma, and a trichilemmoma. Sebaceoma (Figure 3) is characterized by multiple
basal cell nests (Figure 3, asterisk) with a random mix of sebaceous cells in the upper
and middle dermis with possible continuity with the basal layer of the epidermis [36].
Trichoblastoma (Figure 4) shows irregular nests of basal cells similar to BCC, with variable
stromal thickening and pilar differentiation [36]. Trichilemmoma (Figure 5) is composed of
one or more lobules (Figure 5, asterisk) in the dermis that extend in continuity with the
epidermis (Figure 5, orange arrow) or the follicular epithelium, and there is a peripheral
layer of columnar palisade cells [36]. Under LC-OCT, all these three tumours exhibited
tumour islands with overlapping features of BCC. We should also consider that there could
be biopsy sampling errors explaining some FP results. Interestingly, one LC-OCT FP case
of our series, defined on the histological report of an incisional biopsy as solar lentigo, was
later completely excised based on the retrospective revaluation of the LC-OCT images and
had a final histological diagnosis of BCC.
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Figure 3. Sebaceoma diagnosed as basal cell carcinoma at dermoscopy and line-field confocal
optical coherence tomography (LC-OCT). Clinical (a), dermoscopic (b), and LC-OCT images (c,d).
Dermoscopy shows a pinkish-yellowish background and linear vessels. LC-OCT reveals a large
lobular structure (asterisk) with “feuilletage” and clefting, surrounded by hyperreflective stroma and
connected to a hair follicle (red arrow). Dashed line (b) indicates the approximate area of the LC-OCT
imaging. White scale bar in LC-OCT images: 100 μm.

In the literature, we could find only one prospective study on the diagnostic accuracy
of LC-OCT for skin tumours, and it consists of similar real-life research on equivocal lesions.
It showed that LC-OCT can significantly increase diagnostic confidence after dermoscopy
and avoid potentially unnecessary biopsies [37]. However, it revealed a higher sensitivity
(0.98) and a good, but lower, specificity (0.80) for LC-OCT compared to dermoscopy
(sensitivity of 0.90 and specificity of 0.86).

The acquisition and interpretation of the LC-OCT images are operator-dependent
and different results may be related to different investigator expertise and different lesion
selection (equivocal aspect of the lesion at dermoscopy). Moreover, Gust et al. found
that in 70% of the lesions, the LC-OCT diagnostic was provided with high confidence
in comparison with dermoscopy which only provided high confidence in 48% of the
lesions [37]. In this subgroup, the LC-OCT performance increased significantly, with a
sensitivity of 100% and a specificity of 97% in agreement with our results. In the future, an
effort should be made to define precise criteria for the LC-OCT diagnosis of skin tumours
to have more reliable and comparable results. Moreover, artificial intelligence could help
the identification of BCC tumour lobules and atypical cells [10]. Regarding the diagnosis
of SCC/Bowen’s disease/AK, we found an increase in both sensitivity and specificity for
LC-OCT compared to dermoscopy without any statistically significant difference. Recently,
many studies have shown that LC-OCT can identify several histological criteria of AK
and SCC and this technique seems to be promising for the diagnosis of squamous cell
tumours [16,29,31,32]. Our study could not prove a statistically significant benefit of
LC-OCT possibly due to the relatively small sample size that has been analyzed.
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Figure 4. Trichoblastoma diagnosed as basal cell carcinoma under dermoscopy and line-field confocal
optical coherence tomography (LC-OCT). Clinical (a), dermoscopic (b), and LC-OCT images (c,d).
Dermoscopy shows black, brown, and grey globules and dots on a pinkish and brownish background.
LC-OCT reveals small well-delimited roundish lobules with “palisading” and some keratin cysts
(white arrow). Dashed line (b) indicates the approximate area of the LC-OCT imaging. White scale
bar in LC-OCT images: 100 μm.

Regarding the diagnosis of malignancy, considering histopathology as a gold standard
and analyzing only cases with histological diagnosis, a significant increase in specificity
(Table 2) was observed from 0.73 (IC 0.64–0.81) with dermoscopy to 0.87 (IC 0.79–0.93) with
LC-OCT (p = 0.013). However, we did not detect any statistically significant difference
in sensitivity between the two methods (0.95 IC 0.89–0.98 for dermoscopy and 0.95 IC
0.90–0.99 for LC-OCT), similar to the diagnosis of BCCs. The same analysis including the
17 FP cases of malignity at dermoscopy in which the diagnosis of malignant neoplasm
was excluded with LC-OCT and surgery was not performed (assuming that the follow-up
of these patients could confirm the absence of malignant tumour, (see Table 3)) obtained
similar results. We detected an increase in specificity for malignant skin tumours from 0.64
(CI 0.55–0.72) for dermoscopy to 0.89 (CI 0.82–0.93) for LC-OCT (p << 0.001) while regarding
the sensitivity we did not find any statistically significant difference between dermoscopy
(0.96 CI 0.89–0.99) and LC-OCT (0.97 CI 0.91–1.00). These data on malignant tumours were
mainly driven by BCCs and SCCs because melanomas were few. The increase in specificity
with LC-OCT for the diagnosis of malignant skin tumours was mainly determined by the
increase in specificity for the diagnosis of BCC. Although LC-OCT seems to play a possible
role also for melanocytic tumours [12], to date there are few data on the diagnostic accuracy
of LC-OCT for malignant skin tumours other than BCC and SCC [15].
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Figure 5. Trichillemoma diagnosed as basal cell carcinoma under dermoscopy and line-field confocal
optical coherence tomography (LC-OCT). Clinical (a), dermoscopic (b), and LC-OCT images (c,d).
Dermoscopy shows a pinkish background with linear vessels and scales. LC-OCT reveals lobular
structures (asterisk) with clefting, palisade, “feuilletage”, and connection with the epidermis (orange
arrow). Dashed line (b) indicates the approximate area of the LC-OCT imaging. White scale bar in
LC-OCT images: 100 μm.

5. Conclusions

• Our real-life study confirmed that dermoscopy can select lesions at risk of being
malignant skin tumours (very sensitive tool).

• LC-OCT could be positioned in a second line to rule out malignancy to spare useless
biopsy without decreasing sensitivity (very specific tool).

• LC-OCT can help in the identification of BCC with only 10 diagnostic errors in our
entire database covering more than one year.

• LC-OCT seems to also be promising for keratinocyte tumours (AK, SCC, and Bowen’s
disease) by increasing the specificity and reducing FP cases compared to dermoscopy.

• Further studies should be performed to confirm our data and investigate the possible
role of LC-OCT for the different malignant skin tumours.
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Abstract: We report on the comparative analysis of self-calibrating and single-slope diffuse reflectance
spectroscopy in resistance to different measurement perturbations. We developed an experimental
setup for diffuse reflectance spectroscopy (DRS) in a wide VIS-NIR range with a fiber-optic probe
equipped with two source and two detection fibers capable of providing measurements employing
both single- and dual-slope (self-calibrating) approaches. In order to fit the dynamic range of a
spectrometer in the wavelength range of 460–1030 nm, different exposure times have been applied
for short (2 mm) and long (4 mm) source-detector distances. The stability of the self-calibrating and
traditional single-slope approaches to instrumental perturbations were compared in phantom and
in vivo studies on human palm, including attenuations in individual channels, fiber curving, and
introducing optical inhomogeneities in the probe–tissue interface. The self-calibrating approach
demonstrated high resistance to instrumental perturbations introduced in the source and detection
channels, while the single-slope approach showed resistance only to perturbations introduced into
the source channels.

Keywords: diffuse reflectance spectroscopy; diffuse optical spectroscopy; tissue optics; diffuse
scattering; oxygenation; tissue chromophores; self-calibrating approach; ratiometric approach

1. Introduction

Diffuse reflectance spectroscopy (DRS) is an optical technique that allows the eval-
uation of tissue biochemistry and microstructure for a number of applications including
brain hemodynamics [1] also called fNIRS, diagnostics of breast tumor margins [2,3] and
treatment monitoring [4], skin cancer diagnostics [5–7], evaluating the scar severity and
therapeutic response of keloid [8], and diagnostics of tumor margins in the oral cavity
(head and neck cancer) [9], lung [10], liver [11–13], and colon [14,15]. A number of poten-
tial applications have also been reported, such as diagnostics of thyroid [16] and adipose
tissue [17] and the identification of neurovascular bundles. The DRS principle is based
on delivering broadband light to the biotissue and registering the backscattered light at a
specified distance. The detected signal contains information about scattering (related to
the microstructure of the tissue) and absorption (related to its biomolecular composition).
Due to the strong dependence of absorption coefficients of different chromophores (oxy-
and deoxyhemoglobin, melanin, lipids, water, etc.) on the wavelength, one can reconstruct
their concentrations in tissue by analyzing the extinction of the light spectrum between the
source and detector.

The DRS probing spectral range is selected depending on the absorption spectra of the
studied chromophores and the desired probing volume in tissue. For example, the concen-
trations of oxy- and deoxyhemoglobin in superficial tissues can be reconstructed using the
visible (usually 500–600 nm) spectral range, while for deeper probing it is reasonable to
use the range of 700–900 nm due to higher light penetration depth. The NIR range is also
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used to assess water and lipid content [18], while the wider VIS-NIR range can be used
for analysis of collagen and elastin content [8]. Currently, VIS-NIR spectroscopy has been
applied in several works and has shown higher potential in comparison with VIS or NIR
spectroscopy separately [14,19,20], because it allows the reconstruction of concentrations of
a larger set of tissue chromophores and/or obtaining a higher accuracy [18,21].

If tissue optical properties vary with depth, DRS in the VIS-NIR range can be applied to
assess chromophore concentrations in different tissue layers using differences in sensitivity
depths of the VIS and NIR spectrum regions. This approach was successfully applied to
assess skin hemoglobin concentrations in the dermis and lower dermis [22].

The results of the reconstruction of tissue chromophores in DRS have the following
keys to success: (1) the applied light transport model should be realistic enough to correctly
describe light attenuation from source to detector; (2) the reconstruction procedure should
have a good convergence; (3) instrumental characteristics, such as source spectral brightness,
detector spectral sensitivity, transient characteristics of source and detector fiber channels,
and optical contact between the DRS probe and tissue should be taken into account. In the
present study we concentrate mainly on the last issue because incorrect consideration of
the instrumental characteristics can lead to significant errors in the reconstructed values
even with an appropriate light transport model and a valid reconstruction technique. This
aspect is especially essential in broadband measurements, in particular VIS-NIR, due to
possible light dispersion in the instrumental part and strong differences in light attenuation
in tissue in different spectral ranges, and, therefore, a need for adjusted compensation.

Different strategies are applied in DRS to correctly account for the instrumental charac-
teristics depending on the measured data type. For example, investigation of hemodynam-
ics based on the measurement of relative changes in hemoglobin concentrations in time
can be implemented using a simple single source-detector distance (SDD) approach with
a single source-detector pair. The resulting equation for relative changes in hemoglobin
concentrations in time allows for the exclusion of instrumental characteristics [23]. Absolute
measurements of chromophore concentrations in a single SDD configuration are usually
accompanied by calibration measurements with a tissue phantom with known absorption
and scattering characteristics or a reflection standard [24]. However, if instrumental charac-
teristics vary in time (for example, source spectral brightness may significantly vary in lamp
sources), a calibration procedure should be applied periodically, which is not convenient
or even impossible during continuous biomedical examination. Continuous calibration
measurements can be provided with the help of an additional source-detector channel with
a reflection standard at the tips of source and detection optical fibers [25].

Two SDDs with a single source and two detectors or a single detector and two sources
allow the assessment of effective light attenuation μeff in tissue by taking a ratio between
the detected signals obtained at different SDDs. In this ratiometric approach, also called
single-slope measurement, most of the instrumental characteristics are excluded in the final
equation for μeff, which yields a more accurate assessment of tissue chromophore content
in comparison with the single-distance approach [26]. Multiple sources at a single detector
or multiple detectors at a single source are used to increase the precision of the extinction
coefficient extraction. However, the effect of instrumental function is not completely
eliminated in this approach.

A possible solution to compensate for more instrumental contributions is a self-
calibrating technique suggested in [27]. The idea is based on symmetrical multi-distance
measurements; at least four measurements at each wavelength with two sources and
two detectors with a symmetrical configuration (Figure 1) should be provided to obtain
calibration-free characterization of the studied tissue. This probe demonstrated more re-
liable data on the optical properties of tissue and higher long-term stability compared to
standard DRS configuration due to a reduction in instrumental errors.
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Figure 1. Schematic of experimental setup with self-calibrating fiber-optic probe. S1,2: the source
fibers; D1,2: the detection fibers; areas of effective sensitivities for short (rS) and long (rL) SDDs are
marked with green and red colors, respectively. Bold lines indicate optical fibers, thin lines indicate
electrical connections. Elements within the dashed frame are placed in a single housing.

In addition to insensitivity toward instrumental effects, the self-calibrating approach
is less sensitive to the changes in optical coupling between the optical probe and tissue.
The last advantage is tightly connected with the differences in sensitivity to superficial
or deeper chromophores in different approaches: the traditional single-measurement
approach has a banana-shaped sensitivity function [28] with maxima near source– and
detector–tissue interfaces, while the self-calibrating technique is relatively more sensitive
to deeper tissues [29,30]. This finding makes the self-calibrating approach very attractive in
its application for studies of brain activity in the NIR spectral region [31]. Single-distance
or single-slope approaches register primarily photons backscattered from the scalp and
skull masking the brain hemodynamics, and the traditional increase in SDD does not
provide any significant benefit, since the maximum sensitivity remains near the source–
and detector–tissue contacts. The self-calibrating approach was applied for diagnostics of
breast tumors with a more sophisticated probe including 16 continuous-wave (CW) sources
at 690 nm and 830 nm and 8 detectors located symmetrically [32]. Multiple sources and
detectors allow obtaining a signal averaged over a large tissue volume resulting in more
robust data on the oxygenation of tumor tissue [33].

The main drawback of all pure CW optical diffuse measurements is related to the
difficulty of separating absorption μa and reduced scattering μ′

s coefficients which are
included in the expression for the effective extinction coefficient of diffuse light as a product:

μe f f =
√

3μa(μa + μ′
s). (1)

Employing the reduced scattering coefficient values from the literature may cause
significant errors in absolute measurements of chromophore concentrations due to tissue-
to-tissue variations in reduced scattering values [34]. Additional frequency-domain (FD)
measurements employing high-frequency modulation of probing light intensity at two
or more wavelengths allow assessing reduced scattering directly at these wavelengths.
Assuming a power law or a linear wavelength dependence of reduced scattering coefficient
(the latter approach is reasonable in NIR where the decrease in μ′

s(λ) dependence is slow),
one can estimate it within the whole spectrum measured by CW DRS, which results in
higher precision of chromophores reconstruction [35] (steady-state and frequency-domain
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(SSFD) reflectance measurements). SSFD measurements at two wavelengths were also
successfully applied in combination with a self-calibrating approach for studying human
brain hemodynamics [36,37].

The FD technique is applied successfully for the NIR spectral range for large SDDs that
ensure a sufficient phase shift of a photon density wave propagated from source to detector.
However, at large SDDs (approx. more than 5 mm), VIS measurements are restricted by
high attenuation of light in biotissue. Smaller SDDs (<5 mm) need higher modulation
frequency to register the phase shift that is hard to implement technically. In this connection,
DRS in VIS range 500–600 nm is usually performed with the CW technique alone [26]. In
the joint VIS-NIR range, the reduced scattering spectrum μ′

s(λ) has a more sophisticated
behavior and can be approximated by a sum of Rayleigh-scattering and Mie-scattering
components [18], since Rayleigh scattering is assumed to dominate in the UV-blue optical
range, while Mie scattering prevails in NIR:

μ′
s(λ) = a

[
f
(

λ

λ0

)−4
+ (1 − f )

(
λ

λ0

)−b
]

(2)

Here the parameter a is the reduced scattering coefficient at λ0 = 500 nm, f is the
fraction of Rayleigh scattering with λ−4 dependence that is described by the first term in
the brackets, and b is the power index of Mie scattering wavelength dependence described
by the second term. Parameters a, b, and f can be assessed along with unknown tissue chro-
mophores composition from the fitting of an experimentally obtained reflected spectrum by
a model function. This approach has been applied in VIS-NIR DRS for a simplified μ′

s(λ)
dependence [38].

In this paper, we present a comparative analysis of the sensitivity of the dual- and
single-slope approaches in DRS to various perturbations than can occur in the course of
measurements. The analysis is based on the assessment of the changes in the reconstructed
effective extinction coefficient spectrum in response to the introduced instrumental dis-
tortion. The study is performed using a custom-built experimental setup for VIS-NIR
DRS with a fiber-optic probe employing a self-calibrating approach. To the best of our
knowledge, this is the first application of a self-calibrating approach for ultra-wideband
460–1030 nm (VIS-NIR) DRS. The problem that arises is the significant difference in ab-
sorption coefficients in VIS and NIR spectral regions, leading to difficulties in detecting
both regions simultaneously with a single spectrometer at different SDDs with a large
enough signal-to-noise ratio. In the proposed experimental setup, we solved this problem
by applying individual exposure times for small and large SDDs in order to fit the whole
received spectra for both SDDs in the spectrometer dynamic range. The reconstruction
of tissue optical parameters is proposed via a minimization in the difference between
the effective extinction coefficient μeff, which is evaluated from DRS measurements using
simplified light diffusion theory, and the expected model coefficient μeff calculated with
Equation (1). The absorption coefficient in Equation (1) is assumed to be a linear combi-
nation of basic biotissue chromophores absorption spectra, while the reduced scattering
coefficient is described by Equation (2). The developed experimental setup has been tested
for resistance toward different instrumental perturbations including the bending of optical
fibers, installing an additional attenuator in an individual channel, and modifying the
probe–tissue interface. The results for the self-calibrating approach were compared to those
for the single-slope measurements.

2. Materials and Methods

2.1. Evaluation of Extinction Coefficient with Self-Calibrating Approach Measurements

Propagation of light between source and detector in biological tissue is well described
by the Radiative Transfer Equation (RTE) [39], employing absorption μa and scattering μs
indices and a scattering phase function as tissue optical properties. There exists no general
analytical solution to this equation, however, for a number of applications with SDD
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exceeding several light transport lengths, the RTE can be reduced to the diffuse equation,
which has an analytical solution for homogeneously scattering and absorbing media. In
the frame of this approach, a photon fluence rate generated by a point light source with
unit power in the infinite medium (Green’s function) is defined by equation [40]:

φ(r) =
3(μa + μ′

s)

4πr
exp

(
−μe f f r

)
(3)

where r is the distance from the source and μe f f is defined by Equation (1) via the ab-
sorption coefficient μa and reduced scattering coefficient μ′

s. Under certain assumptions
(neglecting medium boundary conditions and radiating patterns of source and detection
fibers), Equation (3) can be used to characterize light intensity in the detection fiber Dj
located at distance rkj from the source fiber Sk (j,k = 1,2) in the configuration shown in
Figure 1. Following these assumptions, the DRS signal registered by a spectrometer at the
specific wavelength can be written in the following form:

Ikj =
3(μa + μ′

s)ASk ADj I0η

4πrkj
Ekjexp

(
−μe f f rkj

)
(4)

where I0 is a light source intensity; ASk and ADj are the transient characteristics of DRS
device parts describing the propagation of light from the light source to a contact of the
source fiber k with the biotissue and from the biotissue contact with the detection fiber j to
the spectrometer, respectively; η is the spectrometer sensitivity; and Ekj is the corresponding
spectrometer exposure time.

The ratio of signals received with a common source k and two detectors j = 1,2 having
different SDDs (known as single-slope configuration) carries information about the medium
extinction coefficient and excludes most of instrumental characteristics (source transient
characteristics, source brightness, and spectrometer sensitivity):

Ik1
Ik2

=
AD1rk2Ek1

AD2rk1Ek2
exp

(
−μe f f (rk1 − rk2)

)
(5)

Typically an assumption is made that both detection channels have equal transient
characteristics, i.e., AD1 = AD2. In this case, one can evaluate the extinction coefficient
following Equation (5) and using the ratio I11/I12 of the spectra measured by the sys-
tem depicted in Figure 1 with source S1 and two detectors D1 and D2 (abbreviated as
S1D1D2) as:

μe f f =
1

r12 − r11
ln
[(

I11

I12

)(
E12

E11

)
r11
r12

]
(6)

and using the ratio I22/I21 of the spectra measured with source S2 and two detectors D1
and D2 (abbreviated as S2D1D2) as:

μe f f =
1

r21 − r22
ln
[(

I22

I21

)(
E21

E22

)
r22
r21

]
(7)

However, if the assumption AD1 = AD2 is incorrect, the extinction spectrum calcu-
lated by Equations (6) or (7) contains an error. In this case, for symmetrical measurements
when r11 = r22 = rS and r21 = r12 = rL, Equation (5) yields:⎧⎨

⎩
I11
I12

=
AD1rLE11
AD2rSE12

exp
(

μe f f (rL − rS)
)

I21
I22

=
AD1rSE21
AD2rLE22

exp
(
−μe f f (rL − rS)

) (8)
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and the effective extinction coefficient can be derived in the form that excludes both source
and detector transient characteristics:

μe f f =
1

2(rL − rS)
ln

[(
I11 I22

I12 I21

)(
E12E21

E11E22

)
r2

S
r2

L

]
(9)

Equation (9) represents a self-calibrating (or dual-slope) approach, employing four
source-detector measurements: S1-D1, S1-D2, S2-D1, S2-D2 (abbreviated as S1D1S2D2).
One can note that expression (9) is an average value of the extinction coefficients obtained
by Equations (6) and (7).

2.2. Reconstruction of Skin Chromophores and Scattering from μe f f Spectrum

In this study we focus on the characterization of human skin scattering and absorption
spectra. Multiplicative combinations of absorption coefficients and reduced scattering
coefficients in expression (1) for the extinction coefficient makes their separation from
the continuous wave measurements difficult, in contrast to frequency-domain or time-
domain techniques. In our study, in order to separate μa from μ′

s based on Equation (1) and
the extinction coefficient spectrum experimentally obtained with Equations (6), (7), or (9),
depending on the employed measurement scheme, we make several empirical assumptions.

The absorption coefficient μa is considered as a weighted sum of the absorption spectra
of basic skin chromophores. In our consideration we limit their set to melanin, blood, water,
and “dry matter”, assuming that the contribution of other chromophores in the range of
460–1030 nm is negligible:

μa(λ) = Cwater ∗ μwater
a (λ) + Cmel ∗ μmel

a (λ)+[
Cblood ∗

(
StO2 ∗ μ

oxy
a (λ) + (1 − StO2) ∗ μ

deoxy
a (λ)

)]
+ μ

dry
a

(10)

where the spectra of μHbO2
a , μHb

a , and μmel
a are taken from [41,42]. Absorption of “dry matter”

is taken as a wavelength independent μ
dry
a . A reduced scattering coefficient spectrum is

taken according to Equation (2) with the Rayleigh fraction which approximates scattering
at small wavelengths and Mie fraction which dominates in NIR. The contribution of
lipids to the absorption coefficient is not considered in this study since the SDD in the
described system is limited by 4 mm and the measurements described below have been
performed on human palm with low lipid content. The parameters of oxygen saturation
StO2 concentration of different chromophores,—Cwater, Cmel , Cblood, μ

dry
a —together with

the scattering parameters a, b, and f from Equation (2), can be determined by fitting
the experimentally obtained extinction spectrum μe f f with a combination of empirical
dependencies (10) and (2) substituted into Equation (1). This optimization problem was
solved numerically by finding the parameters vector K = [ Cblood, StO2, Cwater, μ

dry
a , a, b, f ]

using lsqcurvefit MATLAB function within the wavelength range of 460–1030 nm assuming
Cmel to be a constant equal to 0.005. This solution can be derived using Equation (9) in the
case of the self-calibrating approach as:

K = argmin
K

∑
λ

(√
3μa(K)(μa(K) + μ′

s(K))−
1

2(rL − rS)
ln

[(
I11 I22

I12 I21

)(
E12E21

E11E22

)
r2

S
r2

L

])2

(11)

or in the case of single-slope approach in S1D1D2 mode using Equation (6) as:

K = argmin
K

∑λ

(√
3μa(K)(μa(K) + μ′

s(K))−
1

rL − rS
ln
[(

I11

I12

)(
E12

E11

)
rS
rL

])2
, (12)
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or in S2D1D2 mode using Equation (7) as:

K = argmin
K

∑λ

(√
3μa(K)(μa(K) + μ′

s(K))−
1

rL − rS
ln
[(

I22

I21

)(
E21

E22

)
rS
rL

])2
. (13)

During the optimization procedure the following limitations were set on the ex-
tracted variables: StO2 varies in the physiological range of [0, 1], a varies in the range of
[0.5, 10] mm−1, b varies in the range of [0, 3], f varies in the range of [0, 1], volume fractions
Cblood and Cwater vary within [0, 1], and μ

dry
a varies within [0, ∞]. Lower and upper limits

for the parameters a and b are determined according to the reported data on the range of
the skin reduced scattering coefficient at λ0 = 500 nm and the corresponding power index
values [18,43]. Since μmel

a (λ) and μ′
s(λ) both monotonously decrease with the wavelength,

high uncertainty arises in the joint reconstruction of the parameters of Cmel, a, b, and f ;
therefore, Cmel was chosen as a constant value.

2.3. Experimental DRS Setup

An experimental DRS setup with a self-calibrating fiber-optic probe was constructed
in accordance with the scheme shown in Figure 1. Radiation from Fiber-Coupled Xenon
(SLS205, Thorlabs, Newton, NJ, USA) broadband 240–1200 nm light source was used
for tissue probing. The source has a mechanical shutter driven by a TTL pulse from
the Control unit Arduino Uno (Arduino, Scarmagno, Italy). It has rather high spectral
radiance both in VIS and NIR spectral regions in comparison with those traditionally
applied in VIS-NIR spectroscopy tungsten halogen lamps which have low spectral radiance
at wavelengths below 600 nm. Probing light passes through BS-8 (Zapad Pribor, Moscow,
Russia) absorption filter cutting UV light below 380 nm placed in the fiber-optic FOFMS/M
(Thorlabs Inc., Newton, NJ, USA) filter holder. A UV filter is used to prevent possible
negative effects on biological tissue and solarization of the probe and switch optical fibers.
Spectrally corrected light passes through 1 × 2 fiber-optical switch 1 (Piezosystem Jena
GmbH, Jena, Germany) which selects the S1 or S2 source fiber of the probe to illuminate
biological tissue. Diffusively scattered light is detected by detection fibers D1 and D2, one
of which is selected by a 1 × 4 switch 2 (Piezosystem Jena GmbH, Jena, Germany) to deliver
light to spectrometer Maya 2000 PRO (Ocean Optics, Orlando, FL, USA). Switch 2 uses
only two outputs for the applied optical probe which has only two detection fibers. Both
switches are driven by the control unit. The Maya spectrometer has rather high sensitivity
in NIR up to 1100 nm which covers water and lipid absorption bands near 980 nm and
has high linearity due to the applied calibration which is essential for the application
of a self-calibrating approach. The spectrometer exposure times are set individually for
small and large SDDs to fit the spectrometer dynamic range. In the current in vivo and
phantom studies, the exposure times were set equal to E21 = E12 = 80 ms for long SDD
rL= 4 mm and E11 = E22 = 15 ms for short SDD rS=2 mm. For each source–detector pair,
the detected signal is averaged over several subsequent measurements in order to increase
signal-to-noise ratio with the following subtraction of a dark signal obtained at the closed
source shutter with the same exposure time and averaging. For the in vivo studies, the
averaging number is taken from the ratio T/E21 or T/E11 where T is a heartbeat period.
The resulting spectra I11, I12, I21, and I22 are stored at PC for further analysis described
below in Section 2.3.

Domestically designed probe housing is made of black photopolymer resin Anycubic
Basic (HONGKONG Anycubic Technology Co., Limited, Hong Kong, China) by 3D printing
on a Phrozen Shuffle 2019 (Hsinchu City, Taiwan) printer and has 6 × 8 mm2 area of the
probe–tissue interface. Two 400 μm source fibers and two 200 μm detection fibers with
0.22 NA (Thorlabs, Newton, NJ, USA) were placed in line inside the probe housing at
a 2 mm distance between neighboring fibers, which results in short and long SDDs of
rS = 2 mm and rL = 4 mm, respectively.
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The fiber-optic probe is equipped with a mechanical pressure control unit. The pressure
was set equal to 12.7 kPa in all studies.

The DRS system is fully automated by a JAVA code operated with a source shutter,
spectrometer, and fiber switches with the help of a control unit. Full acquisition time was
about 6 s for the abovementioned exposure times and a heartbeat period of 1 s.

2.4. Instrumental Perturbations in Phantom and In Vivo DRS Studies

The developed experimental setup was tested on a silicone-based biotissue phantom
employed as a reference standard for DRS measurements in [26] and on a palm of a healthy
volunteer from the group of the researchers. In both series of experiments, various types of
instrumental perturbations were applied to a developed DRS setup in order to compare
the stability of the self-calibrating and single-slope approaches, including installing an
additional attenuator in an individual channel, bending the optical fiber, and modifying
the probe–tissue interface (Table 1).

Table 1. Description of instrumental perturbations used in phantom and in vivo experiments.

Perturbation
Index P Description of Perturbation

D1L Simulation of losses in detection channel. Ø105 μm fiber was inserted between
detection fiber D1 and Switch 2.

D1C Simulation of curving detection fiber. Detection fiber D1 is curved into a 50 mm
radius ring.

D1B Simulation of probe–tissue interface inhomogeneity in detection channel. A blue
sticker was inserted between detection fiber D1 end and investigated object

D1G Simulation of probe–tissue interface inhomogeneity in detection channel. A green
sticker was inserted between detection fiber D1 end and investigated object

D1P Simulation of probe–tissue interface inhomogeneity in detection channel. A pink
sticker was inserted between detection fiber D1 end and investigated object

S1L Simulation of losses in source channel. Ø105 μm fiber was inserted between
source fiber S1 and Switch 1.

S1C Simulation of bending source fiber. Source fiber S1 is curved into 50 mm
radius ring.

S1B Simulation of probe–tissue interface inhomogeneity in source channel. A blue
sticker was inserted between source fiber S1 end and investigated object

S1G Simulation of probe–tissue interface inhomogeneity in source channel. A green
sticker was inserted between source fiber S1 end and investigated object

S1P Simulation of probe–tissue interface inhomogeneity in source channel. A pink
sticker was inserted between source fiber S1 end and investigated object

INIT No perturbations were implemented to fibers

Installing additional fibers (labeled as D1L and S1L in Table 1) with a smaller core
diameter of 105 μm (compared to 200 and 400 μm fibers used in the setup) in an individual
channel simulates possible losses in fiber-optic contacts between different instrumental
parts: the light source, detector, optical switches, and fiber-optic probe. Curving a probe
fiber (labeled as D1C and S1C in Table 1) into a 50 mm radius ring simulates the fiber
curvature occurring in the course of a medical procedure when a fiber-optic probe examines
different tissue localizations and fibers are randomly bent. Modification of the probe–tissue
interface with plastic page stickers (series NEON, BRAUBERG, Frankfurt, Germany) with
different colors (blue, green, and pink labeled as D1B and S1B, D1” and S1G, and D1P
and S1P, respectively) simulates random biotissue surface inhomogeneities that are always
present in biological tissue examinations.

In order to quantify the spectral effects of all the studied perturbations, we measured
the spectral transfer functions of the introduced perturbation (the ratio of the measured
spectrum with the perturbation introduced to that in the absence of the perturbation). The
measurement results are shown in Figure 2 and demonstrate that most of the considered
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perturbations lead to spectrum shape distortion which may potentially lead to errors in
reconstruction of physiological properties from the DRS measurements.

Figure 2. Transfer functions of the studied perturbations (the ratio of the measured spectrum with
the perturbation introduced to that in the absence of the perturbation). Perturbations are indicated in
accordance with Table 1.

The colored stickers naturally feature transmission bands corresponding to their visible
colors. Note a significant difference in the transmittance coefficient for perturbations S1L
and D1L consisting in the insertion of an additional fiber to the source or the detection
channel, respectively, that originates from the different mismatch between the diameters of
the original fibers and the inserted fiber. For each perturbation, DRS measurements were
repeated 3 times; before each measurement the position of a probe was slightly changed by
removing and then replacing the probe. Unperturbed measurements were repeated 6 times:
3 times before applying perturbations and 3 times after.

The perturbations applied to source S2 and detector D2 are not listed in Table 1
because they provide similar results to the perturbations applied to S1 and D1 for reasons
of symmetry (Figure 1).

2.5. Calculation of Extinction Spectra Variations

Various instrumental perturbations listed in Table 1 result in different deviations
in the extinction spectrum calculated by Equations (6), (7), or (9). These deviations are
quantified as a root mean square deviation (RMSE) of the extinction spectrum values
μP,m

e f f (λ) evaluated under particular perturbation in a single experiment from the initial

μINIT
e f f extinction spectrum measured without perturbations:

ΔμP,m
e f f =

√√√√∑Nλ
i=1

(
μP,m

e f f (λi)− μINIT
e f f (λi)

)2

Nλ
(14)

where λi is the i-th wavelength, i = 1 . . . N; P is the perturbation index listed in Table 1, and
m is the measurement number with the particular perturbation m = 1 . . . NP. For perturbed
measurements, NP �=INIT = 3, and for unperturbed measurements, NP=INIT = 6. The initial
extinction spectrum μINIT

e f f (λi) is calculated as an average value for each wavelength over
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6 measurements provided without any perturbations. To quantify deviations caused by
perturbations of type P, an average value over ΔμP,m

e f f is calculated:

ΔμP
e f f =

∑NP
m=1 ΔμP,m

e f f

NP
(15)

Variations of reconstructed tissue chromophore concentrations and scattering proper-
ties obtained for in vivo measurements were calculated in the same way.

3. Results

3.1. Phantom DRS Measurements

Several DRS phantom measurements have been performed with and without the
instrumental perturbations indicated in Table 1.

Figure 3 shows the examples of extinction spectra μP,m
e f f of a silicone phantom calculated

using the single-slope approach in S1D1D2 and S2D1D2 configurations and the calibration-
free approach in S1S2D1D2 configuration for different kinds of source (S1L, S1C, S1B) and
detector (S1L, S1C, S1B) perturbations, as well as for unperturbed data. As one can see from
Figure 3a,b,f, all extinction spectrum curves calculated using the self-calibrating approach
are close to each other, which indicates a high resistance to instrumental perturbations in-
troduced to source or detector channels (Figure 3a,b). In contrast, the single-slope approach
demonstrates resistance only to source perturbations (Figure 3(d)), while perturbations in-
troduced to the detector channel lead to significant variations in μe f f (Figure 3c,e). It can be

seen from Figure 3c,e that if a perturbation P results in an increase in μP
e f f values calculated

by S1D1D2 data, the value of μP,m
e f f calculated by S2D1D2 data decreases. For example, the

absorption band of the blue sticker (see Figure 2) employed in perturbation D1B manifests
by the deformation of the μe f f spectrum reconstructed by single-slope measurements in
S1D1D2 and S2D1D2 configurations in opposite ways (Figure 3(c) and 3(e), respectively)
according to Equations (6) and (7). The introduction of loss perturbation D1L appears
as a negative (Figure 3c) or positive (Figure 3e) shift in the reconstructed μe f f spectrum
together with a variation around 950 nm which is determined by the transmission peak in
the transfer function of this perturbation (Figure 2). The fiber curving perturbation D1C
provides minimal variations in μe f f spectrum since it has a transmittance close to 100%
(Figure 2). The increase in the noise level in Figure 3b,d for S1L perturbation is caused by a
drop in light intensity, while the shape of the extinction spectra does not change in both
S1D1D2 and S1S2D1D2 cases.

Figure 3f demonstrates variations in the extinction spectra of the uniform silicone
phantom for repeated unperturbed measurements. Variations for the single-slope configu-
rations are higher than those for the self-calibrating approach. It should also be noted that
red and blue curves corresponding to μe f f calculated by the single-slope approach in the
two configurations S1D1D2 and S2D1D2, respectively, are positioned above and below the
gray curve for μe f f recovered by the self-calibrating approach, which is associated with
non-identical transient characteristics of the detection channels D1 and D2.
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Figure 3. Spectra of μP,m
e f f of a biotissue phantom calculated with self-calibrating approach S1S2D1D2

(a,b) and single-slope approach in configurations S1D1D2 (c,d) and S2D1D2 (e) for different kinds of
detector (left column) and source (right column) perturbations listed in Table 1. Index m indicates
individual measurement under particular perturbation P. Comparison of μINIT

e f f spectra (f) obtained by
three approaches S1S2D1D2 (gray), S1D1D2 (red), and S2D1D2 (blue) for unperturbed measurements
shown as mean with confidence bounds.

3.2. In Vivo DRS Measurements of Human Skin

In vivo DRS measurements demonstrate almost similar results to the phantom studies
(Figure 4). High resistance of the self-calibrating approach to both source (Figure 4b) and
detector (Figure 4a) instrumental perturbations is observed for this case, whereas the single-
slope approach has resistance only to source perturbations (Figure 4d), while detector
perturbations can lead to a significant corruption of the reconstructed extinction spectrum
(Figure 4c,e) such as those observed for the silicone phantom measurements (Figure 3c,e).
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Figure 4. Examples of μP,m
e f f spectra of a human palm calculated with self-calibrating approach

S1S2D1D2 (a,b), and single-slope configurations S1D1D2 (c,d), and S2D1D2 (e) for different kinds
of detector (left column) and source (right column) perturbations described in Table 1. Index m
indicates individual measurements under particular perturbation P. Comparison of μINIT

e f f spectra (f)
obtained by three approaches S1S2D1D2 (gray), S1D1D2 (red), and S2D1D2 (blue) for unperturbed
measurements shown as mean with confidence bounds.

In contrast to the results of phantom studies, the extinction coefficient in in vivo
studies calculated for unperturbed (INIT) measurements (Figure 4f) demonstrate similar
variations in self-calibrating and the single-slope approaches. This can be explained by
the spatial variations of palm biotissue optical properties that are much higher than the
variations of a homogeneous tissue phantom.

Figure 5 provides the comparison of the average deviations in the extinction coefficient
ΔμP

e f f for different types of perturbations in the studies of a biotissue phantom and a human

palm. In Figure 5a the deviations in reconstructed extinction coefficient ΔμP
e f f for all types

of perturbations in phantom studies are summarized. It can be seen from the diagram
that deviations in the extinction coefficient calculated by the self-calibration approach are
smaller than those calculated by the single-slope approach for all types of perturbations.
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Δμ
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Figure 5. Deviations in extinction coefficient ΔμP

e f f spectra calculated for different types of per-
turbations by Equation (15) using single-slope approach in configurations S1D1D2 and S2D1D2
and self-calibrating approach S1S2D1D2 in phantom (a) and in vivo (b) studies. Error bars show
deviations in ΔμP,m

e f f values.

For unperturbed measurements, deviations in the extinction coefficient are 0.003 mm−1

for the self-calibration approach, and 0.007 and 0.011 mm−1 for the single-slope technique
in two configurations, respectively. For all types of perturbations, the deviation of the ex-
tinction coefficient calculated by the self-calibration approach does not exceed 0.013 mm−1,
while deviations in this value calculated using the single-slope approach exceed 0.6 mm−1

for the loss perturbations in detection channels. It also can be seen from this plot that
the deviations in the extinction coefficient caused by perturbations in the source channel
are smaller than those applied to the detection channel. Figure 5b shows the values of
the deviations for the in vivo measurements. Similar to Figure 5a, detector perturbations
(D1L, D1C, D1B, D1G, D1P) lead to large values of deviations in the extinction coefficient
calculated using the single-slope approach, and this effect is significantly lower for the
self-calibrating approach. Larger error values in Figure 5b compared to Figure 5a can be
explained by a smaller level of the DRS signals detected in vivo owing to higher extinction.
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3.3. Reconstruction of Skin Chromophores and Scattering Properties

Examples of fitting the extinction spectra of the in vivo human palm calculated using
the self-calibrating and single-slope approaches for unperturbed DRS data with expres-
sions given by Equations (1), (2), and (10) using Equations (11)–(13) are shown in Figure 6.
The fitting curve tracks the most pronounced visible features of the extinction spectrum:
oxyhemoglobin peaks in the visible spectral range at 540 and 576 nm, deoxyhemoglobin
peak at 756 nm, water absorption peak at 975 nm, and an overall decrease in the extinction
coefficient from short to long wavelengths due to a decrease in absorption and scattering.
However, there is some discrepancy between the reconstructed and experimentally ob-
tained extinction spectra caused by the significant simplification of the applied model of
light transfer in a human palm.

Figure 6. Fitting the extinction spectra of the in vivo human palm obtained from unperturbed
measurements using (a) S1S2D1D2, (b) S1D1D2, and (c) S2D1D2 approaches with the reconstructed
extinction spectra using Equations (11)–(13).

Figure 7 shows the values of blood Cblood and water Cwater content, tissue oxygena-
tion StO2, and scattering properties a, b, and f of human palm reconstructed from fitting
the experimental extinction spectra which were obtained using different measurement
approaches (self-calibrating S1S2D1D2 and single-slope S1D1D2, S2D1D2) from DRS data
measured under different instrumental perturbations listed in Table 1. The reconstructed
values obtained for unperturbed (INIT) data are in agreement with typical skin physiolog-
ical parameters [18,43]: StO2 is about 0.8 and Cblood and Cwater are around 0.002 and 0.4,
respectively. The reconstructed values of a, b, and f yield the μ′

s(λ) dependence, which is
in agreement with the reduced scattering spectra reported in [43]: the short wave range
of the reconstructed spectrum tends to the typical values reported for epidermis owing
to a smaller probing depth in this range, while in the NIR range the recovered spectrum
corresponds well to the μ′

s spectrum reported for dermis.
As follows from the analysis of extinction coefficient deviations, skin optical parame-

ters reconstructed from S1S2D1D2 extinction spectra demonstrate high stability for all DRS
data obtained under all possible perturbations in which the deviation does not exceed 16%.
In contrast, the parameters reconstructed from the single-slope data S1D1D2 and S2D1D2
demonstrate stability only for source perturbations and unperturbed data. These results
are summarized in Figure 8, showing relative deviations in different skin characteristics
obtained with all source (S1L, S1C, S1B, S1G, S1P) and all detector (D1L, D1C, D1B, D1G,
D1P) perturbations. These plots demonstrate low average variations (less than 16%) of the
parameters reconstructed from self-calibrating data for all types of perturbations, while
detector perturbations may result in high variations (up to several times for particular
perturbations) of reconstructed values from single-slope data (Figure 8a).
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Figure 7. Values of Cblood (a), StO2 (b), Cwater (c), a in mm−1 (d), b (e), and f (f) reconstructed from
the experimental extinction spectra using S1S2D1D2, S1D1D2, and S2D1D2 approaches and averaged
over 3 measurements for each of the 10 perturbations (Table 1) and over 6 measurements for INIT data.
Error bars show deviations in the corresponding reconstructed values in the series of the experiment.
All values of b are below 10−8, except the two corresponding to the perturbations D1B and D1L,
which lead to largest deviations in the reconstructed extinction spectra from the unperturbed one
(see Figure 4c,e).

Figure 8. Relative deviations in Cblood, StO2, Cwater , a, and f values reconstructed using self-
calibrating (S1S2D1D2) and single-slope (S1D1D2 and S2D1D2) approaches from the unperturbed
measurement values. Relative deviations are averaged over different types of detector (a) and
source (b) perturbations for each reconstructed value. Note that the plot (b) does not contain S2D1D2
data since perturbations introduced to the S1 channel provide no impact on these measurements.
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4. Discussion

In this study we compared the capabilities of single- and dual-slope approaches in DRS
to resist different perturbations that may occur during measurements. An experimental
setup for wide-band DRS with a fiber-optic contact probe capable of employing a self-
calibrating approach was constructed. This system contains a broadband fiber-optic source
allowing for diffuse reflectance measurements in a wide VIS-NIR band (460–1030 nm).
The upper wavelength range boundary is limited by the detector sensitivity curve, while
detection in the short wavelength range is limited by strong probing light attenuation in bi-
otissue. The self-calibrating scheme is based on symmetrical source-detector measurements
performed through two fiber-optic switches for two source and two detection fibers of the
probe (Figure 1). In order to fit the spectrometer dynamic range for the whole wavelength
range for short (2 mm) and long (4 mm) SDDs, we applied different exposure times of 15
and 80 ms, respectively.

Different instrumental perturbations have been introduced into source and detector
channels including attenuation, fiber bending, and corrupting probe–tissue interface in
order to compare resistance to them of self-calibrating and single-slope approaches in phan-
tom and in vivo studies. Both approaches have been applied to analyze the corresponding
extinction spectrum deviations originating from the applied perturbation during DRS
measurements. The results of phantom and in vivo studies have shown (Figures 3 and 4)
that both approaches have resistance to instrumental perturbations introduced into the
source channel (S1L, S1C, S1B, S1G, S1P). At the same time, perturbations introduced
into the detection channel (D1L, D1C, D1B, D1G, D1P) may lead to significant deviations
in the extinction spectra calculated by the single-slope approach (S1D1D2 or S2D1D2),
while the self-calibrating approach (S1S2D1D2) demonstrated much higher resistance.
This can be explained by the fact that Equation (5) for single slopes contains the ratio of
detector transient characteristics and excludes source transient characteristics. However,
Equations (6) and (7) are written under the assumption that the transient characteristics
of both detectors are equal, therefore, perturbations introduced into one of the detector
channels lead to the corruption of the evaluated extinction spectra. In contrast to this, in
Equation (9) for the extinction spectrum calculated using self-calibrating approach, the
transient functions for both sources and detectors are reduced. Figure 5a also demon-
strates higher variations of extinction spectra calculated by the single-slope approach in
comparison with the self-calibrating approach even for unperturbed data and all source
perturbations. This effect is explained by residual instrumental perturbations (residual
fiber bending, variations in SMA-connectors, etc.) that remained after perturbations intro-
duced into source and detector channels during phantom studies. Figures 3f and 4f also
demonstrate the imperfections in the detection channels of the designed DRS system seen
by the discrepancies in the opposite sign between the values of μe f f reconstructed from the
unperturbed spectra in self-calibrating mode versus those for single-slope configurations
S1D1D2 and S2D1D2.

Reconstruction of the biotissue properties from the obtained extinction coefficient spec-
tra demonstrated that the self-calibrating approach provides reliable values with average
deviations not exceeding 16% for all the considered perturbations. In this connection, if the
spectral changes induced by instrumental perturbations in clinical conditions are similar
to those we employed in this study, one can expect approximately the same accuracy of
the self-calibrating technique. However, it should be noted that the DRS measurements
in subcutaneous tissues are sensitive to the applied pressure of a DRS probe. Excessive
pressure of a DRS probe may result in a significant change in tissue optical properties,
while a loose probe–tissue contact may lead to a slight probe shift during the measurement
procedure. Both effects may result in errors in the reconstructed physiological parameters.
To avoid these effects, in the designed system, the DRS probe was equipped with a pressure
control unit allowing it to keep the optimal pressure during measurements.

In the present study we applied the simplest reconstruction technique of skin optical
properties based on a standard MATLAB minimization function, and the model of DRS
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spectra was taken from the diffusion approximation of radiation transfer theory for infinite
and homogeneously scattering and absorbing medium. This model was applied to assess
the instability of reconstructed tissue property values caused by instrumental variations;
however, the reconstructed μeff spectrum has noticeable discrepancy with the experimental
extinction spectrum obtained from the unperturbed measurements (Figure 6). We also
limited the number of chromophores that contribute to the absorption spectrum in the de-
scribed wavelength range and did not consider lipids because we focused on characterizing
the chromophores of human palm, where the content of lipids is typically moderate and
located mainly in hypodermis. Since our DRS system has SDDs of units in millimeters, it is
mostly sensitive to superficial chromophores of skin such as water, blood, and melanin and
to a lesser extent, to lipids in hypodermis at depths exceeding 1–2 mm. For a more precise
reconstruction, the presence of the biotissue boundary and the skin layered structure should
be taken into account, and more sophisticated algorithms of reconstruction should be used.
It is essential for broadband DRS measurements in which light in the VIS and NIR spectral
ranges penetrates to different depths in tissue. Monte-Carlo modeling of light transport
can be used to take into account layered skin structure [44,45], and tissue properties can be
derived using machine learning based on advanced theoretical and numerical models of
light transport [46–49].

5. Conclusions

A comparative analysis of the sensitivity of single- and dual-slope (self-calibrating)
approaches in DRS was performed using a custom-built wideband 460–1030 nm DRS setup
in phantom and in vivo studies. Different instrumental perturbations have been introduced
into source and detector channels in order to compare the stability of self-calibrating and
single-slope approaches toward uncontrolled attenuations in individual channels, optical
fiber bending, and optical inhomogeneities at the probe–tissue interface. Both single-
slope and self-calibrating approaches have demonstrated high stability to perturbations
introduced into the source channels. Perturbation in the detection channels may lead
to significant deviations in the extinction spectra recovered from the measured back-
reflectance spectra by the single-slope approach, however, the self-calibrating approach
has demonstrated high stability for all types of perturbations. Reconstruction of the
biotissue properties from the obtained extinction coefficient spectra demonstrated that the
self-calibrating approach provides reliable values with average deviations not exceeding
16% for all the considered perturbations. Thus, we can conclude that the self-calibrating
approach can be applied to DRS to provide robust measurements insensitive to instrumental
perturbations in a wide VIS-NIR spectral band.
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Abstract: The method of immersion optical clearing reduces light scattering in tissues, which im-
proves the use of optical technologies in the practice of clinicians. In this work, we studied the
optical and molecular diffusion properties of cat ovarian tissues in the follicular (F-ph) and luteal
(L-ph) phases under the influence of glycerol using reflectance spectroscopy in a broad wavelength
range from 200 to 800 nm. It was found that the reflectance and transmittance of the ovaries are
significantly lower in the range from 200 to 600 nm than for longer wavelengths from 600 to 800 nm,
and the efficiency of optical clearing is much lower for the ovaries in the luteal phase compared to the
follicular phase. For shorter wavelengths, the following tissue transparency windows were observed:
centered at 350 nm and wide (46 ± 5) nm, centered at 500 nm and wide (25 ± 7) nm for the F-ph state
and with a center of 500 nm and a width of (21 ± 6) nm for the L-ph state. Using the free diffusion
model, Fick’s law of molecular diffusion and the Bouguer–Beer–Lambert radiation attenuation law,
the glycerol/tissue water diffusion coefficient was estimated as D = (1.9 ± 0.2)10−6 cm2/s for ovaries
at F-ph state and D = (2.4 ± 0.2)10−6 cm2/s—in L-ph state, and the time of complete dehydration
of ovarian samples, 0.8 mm thick, as 22.3 min in F-ph state and 17.7 min in L-ph state. The ability
to determine the phase in which the ovaries are stated, follicular or luteal, is also important in
cryopreservation, new reproductive technologies and ovarian implantation.

Keywords: ovarian tissues; follicular phase; luteal phase; glycerol; tissue water; total transmittance
spectra; diffuse reflectance spectra; diffusion coefficient; optical clearing efficiency

1. Introduction

Every year, around the world, there is an increase in the number of diagnosed oncolog-
ical diseases, including among patients of reproductive age [1]. For example, in the United
States, about 70,000 cancer patients under the age of 45 are diagnosed annually [2]. Patients
with malignant neoplasms, according to existing modern medical standards, undergo
complex chemotherapy and radiation therapy. As a result of such treatment, there is a high
probability of partial or complete loss of fertility in women, due to the high cytotoxicity
of antitumor treatment [3–6]. A large group of patients is young women and girls, whose
treatment requires bone marrow transplantation, before which alkylating drugs are used
in high concentrations, which in most cases leads to sterilization. Currently, it is possible
to preserve the reproductive function of women with cancer, with impaired reproductive
function or with premature ovarian failure; this is the cryopreservation (freezing) of healthy
ovarian tissue with subsequent transplantation or autotransplantation after recovery [7–10].

One of the most informative and reliable methods for examining ovarian tissue is
laparoscopy, which is widely used in gynecology for both diagnostic and surgical pur-
poses [11,12]. The laparoscope is inserted into the abdominal cavity through a small
incision, which allows one to directly examine the organs of the small pelvis and abdominal
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cavity or, by connecting a video camera, transmit the image to the monitor. However, such
an image is formed only by light reflection from the surface of the organ under study; the
internal structure of the organ is hidden from observation due to strong light scattering
by the tissues of this organ. Using the immersion optical clearing of tissue, it is possible
to suppress scattering and observe previously hidden pathological changes in tissues for
some time [13–17]. Typical times for the optical clearing of the upper layers of the tissue
are 20–40 min. It is important that radiocontrast and MRI contrast agents can act as optical
clearing agents. This opens the way to multimodal diagnostics and the support of laparo-
scopic surgery. It should be noted that hysterosalpingography and hysteroscopy [11,12,18]
can be combined in one study with the possibility of obtaining high-quality optical images
using laparoscopically compatible optical imaging techniques, as radiopaque and MRI
agents are good optical clearing agents [13–17].

Cryopreservation is a new method that is successfully used in clinical practice. By
2020, about 85 transplantations of cryopreserved ovarian tissue have been performed, and
cases of birth of 30 children have been described, although a longer follow-up of patients
is required [19,20]. The standard method for cryopreservation of ovarian tissue is slow
freezing using a medium with the addition of cryoprotectants: dimethyl sulfoxide (DMSO),
ethylene glycol and 1,2-propanediol (PrOH), which are able to penetrate cell membranes
and provide their protection. Slow freezing is carried out with liquid nitrogen for several
hours [14,21,22]. However, with slow freezing, there is a risk of damage to cells by ice
crystals [8,23,24]. Therefore, penetrating cryoprotectants are often used in combination
with non-penetrating ones such as sucrose, glycerol, or human serum albumin [22]. They
protect cells through dehydration and stabilization of the lipid layer and proteins. The use
of glycerol during the cryopreservation of ovarian tissue can be useful for maintaining
the viability of follicles, as glycerol causes the dehydration of cells and, when mixed
with water, reduces the freezing point (the temperature of ice formation in cells and
solutions) and increases the viscosity of aqueous solutions. After preparing the biological
material by soaking it in cryogenic liquids, the vitrification procedure is used, which
consists of immersing the material in liquid nitrogen. This method effectively preserves the
morphology and viability of the follicles [25–27].

The method of the cryopreservation of ovarian tissue is new and requires further
comprehensive study. Many researchers estimate the recovery of ovarian function after
cryopreserved tissue transplantation as short-term. Ischemia that occurs in the first hours
after transplantation can lead to the death of more than a third of primordial follicles and,
therefore, is the main reason for the decrease in the functional activity of the ovary [28]. To
restore the reproductive potential, it is extremely important to reduce the time interval of
ischemia and accelerate the revascularization of grafts. In this regard, the transplantation
of whole ovarian tissue on a vascular pedicle has been proposed as the most acceptable
approach compared to the transplantation of the ovarian cortex alone [29,30]. As shown
in animals, the transplantation of an intact whole ovary with microsurgical vascular anas-
tomosis, despite the technical complexity of this procedure, is the only solution to the
problem, as it provides a direct blood supply to the ovarian tissue after transplantation,
minimizing the risk of ischemia. Therefore, the whole ovary cryopreservation method
requires development and further research. The determination of the kinetic parameters of
ovarian perfusion with cryoprotectants in different phases of the cycle, including the rate
of diffusion of glycerol and the flow of tissue water induced by it, as well as changes in
the optical properties of ovarian tissue, is a necessary condition for creating personalized
clinical protocols for cryopreservation.

The aim of this work was to study the perfusion-kinetic properties of cat ovaries in
the follicular (F-ph) and luteal (L-ph) phases of the cycle by optical clearing method under
the influence of glycerol and using diffuse reflectance spectroscopy.
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2. Materials and Methods

2.1. The Structure of the Ovaries and the Cycle

The ovaries are a paired organ located on the sides of the uterus, next to the ampullar
sections of the fallopian tubes, their size in women ranges from 1.5 to 5 cm [31] and in cats,
from 0.5 to 1.5 cm [32]. From above, the ovaries are covered with a layer of the epithelium;
the next layer consists of connective tissue and contains many elastic fibers (Figure 1). The
medulla contains many blood vessels and nerve endings. In the cortical layer, there are
follicles in which eggs are formed and mature.

Figure 1. Schematic representation of the ovarian cycle. Adopted from Ref. [31].

The female cycle normally lasts from 21 to 35 days. The main phases can be dis-
tinguished: 1: follicular (F-ph), in this phase of the cycle, there are many growing and
primary follicles in the ovaries (Figure 1); 2: ovulation is a hormone-dependent process of
the rupture of the wall of the tertiary (preovulatory) follicle and the release of the female
germ cell, and a peak level of hormones is observed: follitropin and lutropin; and 3: luteal
phase (L-ph). The corpus luteum has a size of 1.0 to 2.7 cm. A gland of temporary secretion
contains lutein and produces a large amount of progesterone, the dominant hormone of
the luteal phase, which is important for the safety and proper development of a potential
embryo [33].

When studying the blood supply to the ovaries of cows, it was found that the uterine
branch of the ovarian artery and especially its anastomosis with the uterine artery were
larger on the side of the ovary containing the corpus luteum [34]. The blood supply of
the mature corpus luteum is the highest of all body organs per unit volume of tissue. An
increase in blood supply is an integral part of the development of the corpus luteum. This
important process, mediated by angiogenic growth factors, includes the destruction of the
basement membrane of the follicles, the proliferation and migration of endothelial cells,
and the development of a large network of capillaries [35]. The corpus luteum functions
for only a few (4–7) days and then undergoes involution. A white body (scar) appears in its
place [36] (Figure 1).

2.2. Histological Examination

Normal ovarian tissue was taken from outbred cats aged 1 to 12 years with a di-
agnosis of “clinically healthy”. The ovaries were collected after laparoscopic oophorec-
tomy and ovariohysterectomy from 10 cats. Animals were administered general anes-
thesia: premedication—meditin (0.1%); intravenous anesthesia—zoletil 100; and alpha
2—antagonist antiemetic for withdrawal from anesthesia. According to visual inspec-
tion, all ovaries planned for the study were divided into two groups: “light” and “dark”
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(Figure 2). Ten light and ten dark tissue samples from different individuals were used for
histological examination.

  
(a) (b) 

Figure 2. Photos of the studied clinically healthy cat ovaries: (a) light; (b) dark.

In vitro histological studies were carried out using halves of each ovary, which were
manually cut with a scalpel and fixed. The other halves of the ovaries without fixation were
kept frozen for ex vivo optical measurements. The material for histological examination was
prepared after no more than 48 h had passed after oophorectomy and ovariohysterectomy;
10% buffered formalin was used for tissue fixation. The thickness of tissue sections was
2–3 μm. The hematoxylin–eosin staining method was used for the histological examination
of all samples.

To obtain histological scans, an Aperio AT2 digital slide converter (on-screen diagnos-
tic scanner) equipped with an LED light source and calibration tools was used. According
to the results of the histological studies, it was proved that normal, pathologically un-
changed tissues were selected for research, that dark samples contain the corpus luteum
and correspond to the luteal phase, and light samples contain multiple follicles, which
corresponds to the follicular phase.

2.3. Optical Measurements

Measurements of the optical properties of cat ovarian tissue were performed ex vivo
without tissue fixation. The thickness of sections (samples) of tissue was measured with
an electronic micrometer (Union Source CO., Ltd., Ningbo, China). The measurements
were carried out at several points of the sample and averaged. The accuracy of each
measurement was ±0.1 mm. The thickness of the tissue section of both dark and light
ovaries averaged (0.8 ± 0.1) mm. To measure the diffuse reflectance spectra (DRS) and the
total transmittance spectra (TTS) of the tissue samples in the spectral range of 200–800 nm,
a Shimadzu UV-2550 double-beam spectrophotometer (Tokyo, Japan) with an integrating
sphere was used (Figure 2). A total of 20 ovaries, 10 light and 10 dark, were examined for
optical measurements. To study the kinetics of the DRS, ten sections were taken from every
five light and five dark samples. Similarly, ten sections from the other five + five ovaries
were used to measure the TTS.

The radiation source was a halogen lamp with radiation filtering in the studied spectral
range. The limiting resolution of the spectrometer was 0.1 nm. Prior to measurements, the
spectra were normalized using a BaSO4 reference reflector with a suitable reflectivity for the
entire spectral range, including UV. All measurements were carried out at room temperature
(~25 ◦C) and normal atmospheric pressure. Each sample of the studied tissue was fixed
with a double-sided adhesive tape in a special frame with a window of 0.5 × 0.5 cm in a
quartz cuvette so that the tissue sample was pressed against the wall of the cuvette and
subjected to optical measurement of DRS or TTS as shown in Figure 3. To measure the TTS,
a quartz cuvette with a tissue sample was placed directly in front of the integrating sphere,
collecting all the radiation transmitted through the tissue sample. The diameter of the light
beam incident on the sample was 3 mm. The initial DRS or TTS spectrum was taken from
the ovarian tissue sample pressed against the cuvette wall. Then, glycerol was added into
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the space between the sample surface and the cuvette wall, after which, measurements
were carried out for 100 min until the time dependence was saturated due to the completion
of the glycerol/interstitial water diffusion process. The measurement of the DRS kinetics
was used for the determination of the diffusion coefficient of the molecular flux induced
by the topical application of glycerol to a tissue sample. In the study, a chemically pure
99.5%-glycerol was used (Akrihimfarm LLC., Moscow, Russia).

Figure 3. Scheme of the experimental setup for measuring the DRS and TTS of ex vivo samples of cat
ovarian tissue.

It is important to note that, in the wavelength range from 150 to 800 nm, the absorption
of glycerol is negligible [37]. However, to determine the effectiveness of optical clearing
after the clearing process was completed, the frame with the sample was transferred to a
similar, but dry, clean cuvette. Then, the final values of the DRS and TTS of the sample were
measured and compared with the initial values before clearing, which were also obtained
in a cuvette without glycerol.

3. Calculations

The determination of the diffusion coefficient of glycerol/interstitial water in tissue
is based on measuring the kinetics of the DRS. Figure 4 illustrates this schematically. The
process of glycerol/interstitial water transport in a sample can be described in terms of the
model of free diffusion [13–17,38–40]. Geometrically, a sample of tissue can be represented
as a plane-parallel plate of finite thickness. Using the second Fick’s law and performing
transformations based on the use of the modified Bouguer–Beer–Lambert law, described
in detail in refs. [16,38], we obtain an expression for the difference ΔA(t, λ) between the
effective optical density at the current time A(t, λ) and at the initial time A(t = 0, λ):

ΔA(t, λ) = A(t, λ)− A(t = 0, λ) = Δμeff(t, λ)L ∼ C0{1 − exp(−t/τ)}L (1)

I = I0 exp[−μeffL], μeff(t, λ) =
√

3μa(μa + μ′
s) → Δμeff(t, λ)

where the effective optical density is determined from the measurements of DRS:

A = − log R(t, λ), (2)
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τ =
4l2

π2D
, (3)

Figure 4. Diagram showing the interaction of a hyperosmotic agent (glycerol) with ovarian tissue.

t is the time in seconds during which the diffusion occurs, λ is the wavelength in
nm, Δμeff (t, λ) is the difference between the effective coefficient of attenuation of light in
the tissue μeff(t, λ) at the current time and at the initial time, 1/cm; L is the average path
length of photons, which in the backscattering mode is L ∼= 2ld, (ld)−1 = μeff; μ’s = μs(1 −
g), 1/cm; g is the scattering anisotropy factor (varies from 0 to 1, for many tissues, g ∼=
0.93) [16,39]; and for transmission mode L ∼= l, l is the thickness of the sample, cm; D is the
diffusion coefficient of the glycerol/interstitial water molecules, cm2/s; and C0 is the initial
concentration of the glycerol, mol/L.

The recorded DRSs [R(λ), %] are converted using the standard Kubelka–Munk algo-
rithm to A(λ) extinction spectra (Shimadzu UV-2550 spectrophotometer software).

Glycerol is a well-known effective hyperosmotic agent and is often used for the optical
clearing of tissues [13–17,38,39,41,42]. To evaluate the efficiency of optical clearing of ex
vivo tissue samples, TTS measurements are usually used, and the efficiency parameter Q is
calculated:

Q (%) = {T(t, λ) −T(t = 0, λ )}/T(t = 0, λ), (4)

where T(t = 0, λ) is the transmittance of the tissue sample for a specific wavelength λ at the
initial time, and T(t, λ) is the same at the current time.

The bars on the DRS and TTS charts represent the boundaries of the confidence interval,
found as:

σ = (tsSD)/
(√

n
)

(5)

where ts is Student’s coefficient; SD, standard deviation, n = 5, p = 0.95.

4. Results and Discussion

4.1. Histological Examination

Histological examination of a tissue sample from the light ovaries revealed cortical
and medulla (Figure 5a); an ovarian capsule was also found for the dark ovaries, including
the germinal epithelium (single-layered cuboidal epithelium) and the tunica albuginea
(subepithelium) (Figure 5b). However, these structural elements are present in both phases.
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(a) (b) 

Figure 5. Histology of clinically healthy cat ovaries: (a) cortex (1) and medulla (2) in the light ovary
(follicular phase); (b) the structure of the membrane of the dark ovary (luteal phase): single layer
cuboidal epithelium (1) and subepithelial albuginea (2).

In the structure of the ovaries, a clear division into the medullary vascular, fibrous
cortical layers is determined. In the latter, numerous groups of primordial follicles are
noted subcapsularly (Figure 6a) with nearby primary and secondary follicles. Primordial
follicles consist of a primary oocyte surrounded by a single layer of flattened follicular
cells. Primary follicles include a larger oocyte and a layer or layers of cuboidal granulosa
cells and the shiny sheath of the follicle formed around it (Figure 6b). Secondary follicles
have a cavity that separates the oocyte with adjacent granulosa cells (crown radiata) from
the layers of granulosa cells lining the follicle from the inside of the basement membrane.
Outside of such follicles, layers of theca cells are poorly visualized (Figure 6c). The follicles
of the cortical layer are located in hypercellular lean fibrous connective tissue, among
which, there are single scar-like structures (Figure 6d).

  
(a) (b)  

  
(c) (d) 

Figure 6. Histology of clinically healthy cat ovaries in the follicular phase: (a) primordial follicles;
(b) primary follicle (1): granulosa of the follicle (2), shiny sheath of the follicle (3); (c) oocyte (1):
granulosa of the oocyte (2), the shiny coat of the oocyte (3); (d) flattened follicular cells surrounding
the oocyte.
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In dark specimens, the cortical substance is well developed and dominates over the
stroma, and the corpus luteum is well visualized (Figure 7a). Some specimens show corpus
luteum hyperplasia without atypia. The stroma is represented by a typical theca tissue
without edema. It is moderately developed, the capillary network is multiple and small-
focal fresh hemorrhages are noted, in some samples multiple. Vessels are thick-walled and
unevenly plethoric in some samples with perivascular fibrosis and hyalinosis. Scattered
atretic follicles are visualized (Figure 7b) with internal and external follicular theca with an
abundance of blood vessels (Figure 7c) and interstitial connective tissue (Figure 7d).

  
(a) (b) 

  
(c) (d) 

Figure 7. Histology of clinically healthy cat ovaries in the luteal phase: (a) corpus luteum; (b) atretic
follicle; (c) follicular theca with an abundance of blood vessels: 1—internal, 2—external; (d) interstitial
connective tissue.

The results of histological studies made it possible to conclude that all the samples
of light and dark ovaries taken to study the optical and molecular diffusion properties
under the action of glycerol can be attributed to clinically healthy. It was found that light
ovaries belong to the follicular phase, and dark ovaries belong to the luteal phase, as the
corpus luteum is clearly visualized. Most of the samples showed that the ovaries have a
histologically typical structure; in two samples, the histological picture of the ovary with
involutive changes was revealed. Necrotic foci, inflammatory infiltrate and atypical growth
were not found for all the studied material.

4.2. Spectrophotometric Studies

DRSs of the studied samples of cat ovaries in the follicular phase (light ovarian tissue)
(F-ph) and in the luteal phase (dark ovarian tissue) (L-ph), initially and after interaction with
glycerol, averaged for five samples of each phase of cat ovaries, are shown in Figure 8a,b. It
can be seen that the DRSs of both types of samples are almost identical both before and
after the diffusion of glycerol. In the UV range, the initial DRSs of the ovarian samples have
obvious dips characteristic of the absorption bands of amino acid residues of connective
tissue proteins in the form of collagen and reticular fibers, hemoglobin, and porphyrins.
In the region of about 415–420 nm and 540–580 nm, the observed dips correspond to
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the absorption bands of oxyhemoglobin (415, 542 and 576 nm). Water absorption in the
measured range of 200–800 nm is insignificant. The main absorption bands in the UV range
for common tissue components are located at: 200 nm (proteins), 260 nm (DNA and RNA)
and 375 nm (Hb) [16,39]. As a result, tissues are very opaque in the UV range due to the
absorption and very strong scattering of light.

  
(a) (b) 

Figure 8. DRC spectra in the range from 200 to 800 nm of cat ovary tissue before and after immersion
in 99.5% glycerol during 100 min: (a) F-ph (light ovarian tissue); (b) L-ph (dark ovarian tissue).

The diffusion coefficient of glycerol/interstitial water in the samples was determined
from a least squares analysis of a section of the experimental curve characterizing the
change in optical density from the time of glycerol action at selected wavelengths. Figure 9a
shows the kinetics of DRS during glycerol interaction for 100 min for one of the light
samples of cat ovaries. Calculations for each sample were performed for three wavelengths
at 600, 700 and 800 nm (Figure 9b).

 
(a) (b) 

  
(c) (d) 

Figure 9. DRSs of cat ovarian tissue samples during 99.5% glycerol immersion. The corresponding
kinetics of the difference in effective optical densities at the current and initial time ΔA(t, λ) were
recorded at 600, 700 and 800 nm and then averaged (see Equation (1)) of the studied ovarian samples
during the application of glycerol. The symbols represent the experimental data, and the solid curves
represent the corresponding approximation of the experimental data within the framework of the
free diffusion model; (a,b) F-ph; (c,d) L-ph.
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Figure 9c shows the kinetics of DRSs with glycerol action for 100 min on one of the
dark cat ovary samples. In both types of tissues (F-ph) and (L-ph) under study, the slowing
down and termination of the diffusion process occurred within about 30 min. It can be
seen that the interaction of glycerol with the samples leads to a gradual decrease in the
reflectance over the entire wavelength range under study. As highly concentrated glycerol
was used, it can be assumed that the main outflow of interstitial water from the sample
and, consequently, the dehydration of tissues due to the release of water from the sample
determine the temporal behavior of the DRS, which indicates a decrease in light scattering
and, accordingly, makes it possible to unambiguously relate the rate of diffusion of water
molecules to the rate of change in the DRS.

Using Equation (1), we find τ (diffusion time), which was 22.3 ± 0.6 min for a light
sample of ovarian tissue (F-ph), and 17.7 ± 0.7 min for a dark sample of ovarian tis-
sue (L-ph). The average diffusion coefficient for ovarian samples (n = 5) in F-ph was
D = (1.9 ± 0.2)·10−6 cm2/s, and in the L-ph D = (2.4 ± 0.2)·10−6 cm2/s. The diffusion
coefficients of glycerol/interstitial water fluxes in the studied samples determined from the
experimental data (Figure 7) according to Equations (1)–(3) and the least squares method
are presented in Table 1.

Table 1. Kinetic parameters of molecular diffusion in the sections of cat ovaries of the initial thickness
l = 0.8 ± 0.1 mm and whole ovary (dehydration time tdeh calculated using diffusion coefficient) at the
application of 99.5% glycerol.

Ovarian Tissue
τ, min

(Section)
D × 106, cm2/s Tortuosity

tdeh, h
(Whole Ovary)

Light (F-ph) 22.3 ± 0.6 1.9 ± 0.2 3.9 2.3 ± 0.1
Dark (L-ph) 17.7 ± 0.7 2.4 ± 0.2 3.5 2.1 ± 0.1

The data obtained can be compared with the values of the diffusion coefficients of
molecular flows, which are caused by the topical application of highly concentrated glycerol.
The molecular diffusion coefficient measured in human gingival tissue at the action of 99.5%
glycerol was found as (1.78 ± 0.22) × 10−6 cm2/s (n = 5; l = 0.59 ± 0.06 mm) [41,42], which
correlates well with the data received in this paper (Table 1) and the literature data for
other tissues [13–17,38–42] taking into account the structural features of tissues and mostly
related to tissue water diffusion due to osmotic pressure. As we assume that under the
influence of glycerol mainly water migrates in the tissue, the upper limit for the diffusion
coefficient should be the rate of water diffusion in the tissue. Based on data for water
self-diffusion (Dw = 3 × 10−5 cm2/s [43]), and considering that soft tissues contain up
to 75% water, we can estimate the rate of water diffusion in a typical tissue, taking into
account the effect of hidden diffusion, which is quantified by the ratio of the path length
of the molecular flow between two points in a tissue to the direct distance between these
points, named tortuosity [17,44]:

Tortuosity =
√

Dw/D (6)

The tortuosity was estimated at 3.9 for the gingival lamina propria (LP) layer [44]
and at 3.5 for the skin dermis [17], which allows to obtain DLP = 1.9 × 10−6 cm2/s and
Ddermis = 2.4 × 10−6 cm2/s that is in excellent agreement with the measured values of
the diffusion coefficient for light ovarian (F-ph) and dark ovarian (L-ph) tissues, with the
tortuosity of 3.9 and 3.5, respectively.

Of course, in reality, there is not one flux, but two opposite fluxes: water flux from
the tissue and glycerol flux into the tissue. However, at a high concentration of glycerol,
the rate of its diffusion in water is low [45]. The diffusion coefficient of glycerol in water
at its mass fraction of 84% at room temperature is 2 × 10−7 cm2/s, which is an order of
magnitude lower than the diffusion rate that we obtained experimentally in this study and
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which is in good agreement with the water diffusion model in the tissue accounting for the
phenomenon of tortuosity.

The diffusion time (τ, min) found from the experimental data for the dark ovary in
L-ph turned out to be shorter than for the F-ph (light) samples. This may be because
L-ph ovaries contain a larger network of capillaries and are therefore more porous and
permeable to migrating molecules. Taking into account the thickness of the whole ovary
of l = 5 mm and using experimentally determined diffusion coefficients from Table 1 and
equation (3), we calculated the dehydration time tdeh of the whole ovary under the action
of highly concentrated glycerol. The ovary in the luteal phase is dehydrated after (2.1 ± 0.1)
hours, and in the follicular phase, a little longer—after (2.3 ± 0.1) hours.

The TTS kinetics for typical samples is shown in Figure 10. In contrast to the DRS,
the TTS of the two types of ovarian tissue samples have noticeable differences. The
transmittance of both types of samples in the UV is close to zero. The TTSs of light
samples (F-ph) show absorption bands of blood hemoglobin, which correlate with the
DRSs (Figure 9a). For the TTSs of the dark samples (L-ph), the transmittance is practically
zero from 200 to 450 nm and then at 540–590 nm. Obviously, this is due to the fact that this
type of ovarian tissue is largely supplied with a capillary network filled with blood. The
initial (0 min) and final (100 min) average TTS for all five samples for each type of ovary
are shown in Figure 11.

After the complete immersion of the samples, it can be seen that the optical clearing
of tissues occurred with the formation of transparency windows. In samples of ovaries in
F-ph, the formation of two transparency windows is observed: one in the UV region with a
center 350 nm wide (46 ± 5) nm and with a center 500 nm wide (25 ± 7) nm (Figure 11a,b).
In the ovary sample in L-ph, the formation of one transparency window in the visible
region of the spectrum with a center of 500 and a width of (21 ± 6) nm is observed, and the
UV region does not become more transparent (Figure 11c,d).

  
(a) (b) 

  
(c) (d) 

Figure 10. TTSs of cat ovarian tissue samples during 99.5% glycerol immersion: (a,b) F-ph; (c,d) L-ph.
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(a) (b) 

   
(c) (d) 

Figure 11. Averaged TTS of 5 samples of cat ovarian tissue sections when immersed in 99.5% glycerol:
(a,b) F-ph; (c,d) L-ph.

The method of immersion optical clearing using hyperosmotic agents, in particular,
highly concentrated glycerol, is based on the following mechanisms for suppressing light
scattering in tissues. Glycerol induces a partial exchange of tissue water in the interstitial
fluid and in the cell cytoplasm and causes tissue dehydration, which, in turn, leads to
the matching of the refractive indices of scatterers with the environment (interstitial fluid)
and their better packing [13–17,38,39,41,42]. Glycerol has a higher refractive index than
interstitial fluid, so when it penetrates the tissues, it also provides refractive index matching,
which also causes a decrease in light scattering. As the concentration of glycerol in the
tissue becomes sufficiently high, a third mechanism associated with protein dissociation
arises [46,47]. However, it is well known that all these mechanisms are reversible and are
important for different stages of the optical clearing process [13–17,44,46–50].

The kinetics of change in transmittance for different wavelengths are shown in
Figure 12. When a more blood-filled ovary in the luteal phase interacts with glycerol,
hemoglobin is rapidly washed out, which goes quickly, as the erythrocytes burst due to
osmosis and, together with tissue water, hemoglobin goes into a larger volume of the
surrounding solution. Thus, transmission is increased not only by decreasing scattering
but also by decreasing the absorption of hemoglobin and its forms, which is a much faster
process (see Figure 12d) [50].
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(a) (b) 

  
(c) (d) 

Figure 12. The kinetics of the total optical transmittance T(t) of cat ovarian tissue samples for different
wavelengths λ when exposed to 99.5% glycerol: (a,b) F-ph; (c,d) L-ph.

The efficiency of optical clearing under the influence of 99.5% glycerol (Q, %), deter-
mined by Equation (4), was calculated using experimental data presented in Figure 9a–d
for ovarian tissue in different phases of the cycle (Table 2).

Table 2. Efficiency (Q, %) of optical clearing of the ovarian tissue in different phases of the cycle.

Phase λ, nm 200 250 300 350 400 450 500 550 600 650 700 750 800

T (0 min), % 0.04 0.13 0.22 0.25 0.28 0.26 0.85 0.45 3.23 14.51 19.70 20.62 22.30
F-ph T (100 min), % 0.10 0.22 0.64 1.17 0.94 1.95 8.89 3.15 13.13 45.50 57.81 60.82 65.50

Q, % 148 69 190 370 236 650 946 600 306 213 193 195 194
T (0 min), % 0.009 0.013 0.018 0.021 0.004 0.021 0.11 0.02 1.19 6.50 11.32 12.61 15.21

L-ph T (100 min), % 0.046 0.047 0.044 0.046 0.012 0.074 2.39 0.11 7.50 32.91 49.54 53.71 63.60
Q, % 411 261 144 119 200 250 2074 450 529 406 338 326 318

Figure 13 shows visual changes in the studied tissue samples before and after optical
clearing with 99.5% glycerol. The images were taken using the camera of a Samsung Galaxy
A51 smartphone with a resolution of 48 MP. To obtain the photos, the samples were placed
on a sheet of white paper with white light falling from above.

    
(a) (b) (c) (d) 

Figure 13. Photos of the area of the samples of the cat ovaries, magnified 50 times: F-ph (a) before
optical clearing; (b) after optical clearing; L-ph (c) before optical clearing; (d) after optical clearing.
The optical clearing agent is 99.5% glycerol.
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In the UV range, the efficiency of optical clearing of cat ovarian tissue with 99.5%-
glycerol is high and reaches 370% for the F-ph samples and 411% for the L-ph samples. The
absolute optical transmittance is not high and reaches 3.5% at 350 nm for F-ph samples
(Figure 10b) and only 0.2% for L-ph samples because of strong light scattering combined
with strong absorption by the endogenous chromophores, including blood hemoglobin. At
500 nm, the optical clearing efficiency reaches 946% for the F-ph samples and 2074% for the
L-ph samples, with the total transmittance up to 16% for the F-ph samples and 4% for the
L-ph samples. At 600 nm, the optical clearing efficiency reaches 306% for the F-ph samples
and 529% for the L-ph samples, with the total transmittance up to 5% for the F-ph samples
and 0.3% for the L-ph samples.

In the so-called “first therapeutic/diagnostic window” at 650–800 nm [16], the effi-
ciency of optical clearing is not the highest and reaches 213% for the F-ph samples and
405% for the L-ph samples. However, due to the absence of strong absorption bands of
endogenous chromophores in this region, the absolute transmittance is quite large and
amounts to 70% (Figure 10a,c).

Similar results were obtained when using highly concentrated glycerol for the optical
clearing of colorectal tissues in normal conditions and in polyposis pathologies, as well as
healthy gingival tissue [44]. For the colonic mucosa, two windows of dynamic transparency
were identified in the UV range from 200 to 260 nm and from 260 to 418 nm, and a lower
efficiency of optical clearing was shown in the long-wave visible/NIR region with a high
level of absolute transmittance.

5. Conclusions

Two groups of cat ovarian samples were studied. The histological examination of
these samples revealed a difference between these groups. It was determined that the light
ovaries are in the follicular phase and do not contain a corpus luteum. In the darker ovaries,
corpora luteal of various stages were found, which corresponds to the luteal phase of the
cycle. The diffuse reflectance and total transmittance of samples in the pre-luteal and luteal
phases of the cycle were determined by diffuse spectroscopy. Using the optical kinetics of
ovarian tissue samples at glycerol action, glycerol/tissue water diffusion coefficient was
estimated, D = (1.9 ± 0.2) × 10−6 cm2/s for ovaries in the follicular stage of the cycle and D
= (2.4 ± 0.2) × 10−6 cm2/s for ovaries in the luteal phase of the cycle. Using the obtained
diffusion coefficients, it was possible to obtain the time for the complete dehydration of the
whole ovary at glycerol action. The time of the complete dehydration of the ovary sections
0.8 mm-thick in the follicular phase was estimated as 22.3 min, and in the luteal phase,
17.7 min. These data can be used to evaluate total ovarian dehydration at concentrated
glycerol applications. In general, the data received in this study can be used for designing
the protocols for drug delivery and the cryopreservation of organs.

The total optical transmittance of the ovaries in the follicular phase is much higher
than in the luteal phase, which is associated with an anastomosis of an extensive network
of capillaries and abundant blood supply to the ovary during this phase of the cycle. Thus,
using diffuse spectroscopy, it is possible to fix a fairly short period of formation of the
corpus luteum, which is an extremely dynamic temporary organ—a gland that produces
progesterone and plays a central role in the reproductive process. The emergence and
development of the corpus luteum are extremely rapid with a high cell turnover and a
strong blood supply that is primarily regulated by angiogenic growth factors. This ability
to accurately determine the timing of lutein formation is extremely important in the study
of infertility of unknown origin and when using assisted reproductive technologies.

Optical clearing technology using hyperosmotic agents, in particular glycerol, reduces
light scattering and, as a result, improves the penetration depth of light. When ovarian
tissue was immersed in glycerol, the efficiency of optical clearing reached 370% in the
wavelength range from 280 to 410 nm and up to 946% in the range of 430–550 nm. This
effect can be used in therapeutic and diagnostic clinical applications to study molecular
structures deep in the tissue.
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The optical clearing technology presented in this study also improves tissue trans-
parency in the UV range and may be useful for the effective application of existing and
future UV biomedical spectroscopies and therapies, in particular, to study the structure
and dynamics of proteins using UV resonance Raman spectroscopy [51], for the general
use of deep UV Raman spectroscopy [52], the detection of pathologies such as gliomas
with UV fluorescence excitation [53], or the use of deep UV fluorescence microscopy in cell
biology and tissue histology [54] and for other biomedical optical technologies, where UV
excitation is fundamentally important.

The optical clearing and diffusion–kinetic properties of a number of other, more
common cryopreservatives, such as DMSO, ethylene glycol and PrOH, have been studied
for muscle and skin tissues [13–16,48]. It seems important to carry out similar quantitative
studies for animal ovaries in the follicular and luteal phases of the cycle.

The studied glycerol-induced perfusion kinetics of ovarian tissues is of great impor-
tance both for the development of clinical protocols for optical tissue clearing in laparo-
scopic diagnostic or surgical applications and for the cryopreservation of ovarian tissues.
Moreover, the technology can potentially be used for the optical monitoring of changes in
tissue structure during the storage of a cryopreserved organ.

An in-depth interdisciplinary study is needed to reduce side effects and preserve fer-
tility in women with cancer [3–6,10], including those complicated by diabetes mellitus [55],
using new technologies for ovarian cryopreservation, including surgical procedures for
ovarian transplantation and new reproductive technologies. The successful cryopreserva-
tion and subsequent thawing of the transplanted ovary largely depend on the knowledge
of the quantitative characteristics of the perfusion–kinetic processes during the freezing
and thawing of the organ.
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Abstract: Visualization of the interaction of drugs with biological cells creates new approaches to
improving the bioavailability, selectivity, and effectiveness of drugs. The use of CLSM and FTIR
spectroscopy to study the interactions of antibacterial drugs with latent bacterial cells localized in
macrophages create prospects to solve the problems of multidrug resistance (MDR) and severe cases.
Here, the mechanism of rifampicin penetration into E. coli bacterial cells was studied by tracking
the changes in the characteristic peaks of cell wall components and intracellular proteins. However,
the effectiveness of the drug is determined not only by penetration, but also by efflux of the drugs
molecules from the bacterial cells. Here, the efflux effect was studied and visualized using FTIR
spectroscopy, as well as CLSM imaging. We have shown that because of efflux inhibition, eugenol
acting as an adjuvant for rifampicin showed a significant (more than three times) increase in the
antibiotic penetration and the maintenance of its intracellular concentration in E. coli (up to 72 h in
a concentration of more than 2 μg/mL). In addition, optical methods have been applied to study
the systems containing bacteria localized inside of macrophages (model of the latent form), where
the availability of bacteria for antibiotics is reduced. Polyethylenimine grafted with cyclodextrin
carrying trimannoside vector molecules was developed as a drug delivery system for macrophages.
Such ligands were absorbed by CD206+ macrophages by 60–70% versus 10–15% for ligands with a
non-specific galactose label. Owing to presence of ligands with trimannoside vectors, the increase in
antibiotic concentration inside macrophages, and thus, its accumulation into dormant bacteria, is
observed. In the future, the developed FTIR+CLSM techniques would be applicable for the diagnosis
of bacterial infections and the adjustment of therapy strategies.

Keywords: FTIR spectroscopy; CLSM; macrophage; latent infection; drug resistance

1. Introduction

Respiratory tract diseases (tuberculosis, pneumonia, mycoplasmosis etc) caused by
pathogenic microorganisms are an acute problem in modern society [1,2]. Moreover, the
resistant forms of microorganisms practically insensitive to antibiotics are caused by a
number of factors, including the drug efflux effect, which is particularly dangerous [3–8].
For several decades, the main causative agents of bacterial forms of respiratory diseases
have been S. pneumoniae, M. tuberculosis, H. influenzae type b, S. pyogenes, M. catarrhalis, and
S. aureus [9]. These pathogens develop resistance to amoxicillin, rifampicin, macrolides,
and cephalosporins. Resistance to antibiotics is multifactorial and may be caused by one or
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a combination of mutations in target genes, increased production of multidrug-resistant
outflow pumps (MDR), or modifying enzymes and/or target-protecting proteins [10,11].
In this paper, special attention is focused on the study of efflux and ligands that increase
specificity, which are considered as one of the main processes that reduces the effectiveness
of antibiotics.

A special problem in the treatment of diseases are pathogens localized in macrophages
and granulomas, thereby passing into a dormant form (but still dangerous) and are difficult
to treat, as seen in some forms of tuberculosis, leishmaniasis, and respiratory diseases
caused by chlamydial infections, which are particularly prevalent in children and people
with weakened immunity, etc. [6,12,13]. This work is devoted to the development of
spectral and optical methods for studying drug interactions with bacterial cells in their
individual form and inside macrophages—as a model of latent infections. The considered
approaches are perspective in application of the bacterial disease diagnosis by analysis
of the FTIR spectra of pulmonary lavages using library data on microorganisms, as well
as the optimization of the action of drugs for each patient. The possibility of analyzing
pulmonary lavage is described in the work [14], where the combination of FTIR and confocal
microscopy establishes the composition of the biological fluid [14]. However, for accurate
validation, reference spectra and the use of several methods are necessary. The spectra
biological objects such as cells are usually too multifactorial and it is not yet fully clear how
to specify and isolate analytically significant signals; however, with the development of
technologies, new prospects are opening up, such as time-resolved spectroscopy and 2D
analysis. The literature describes the use of Raman scattering for the study of bacterial cells
and identification of pathogens and strains [15]. Currently, the method is unreliable and,
accordingly, not very informative, since it analyzes not the intrinsic spectra of substances
in the giant Raman scattering, but only indirect ones—the effect of bacteria on the optical
properties of nanoparticles. It strongly depends on the quality of the sample application,
on the batch of particles, and on the conditions of strain cultivation [16,17].

On the contrary, FTIR spectroscopy, which is a highly informative method of analyzing
chemical compounds, provides information about chemical bonds and the microenviron-
ment of molecules, and is quite sensitive to changes in fine organization at the molecular
level [6,18–20]. This makes it possible to study the structures of complex biological objects
(cells, organelles), which is of limited use for other spectral methods that require the optical
transparency of samples, which clearly does not apply to cells. Practical applications of
FTIR spectroscopy include: analysis of biological tissues [21], tumor diagnosis [22], identifi-
cation of pathogenic bacteria [23], and the study of molecular mechanisms of adaptation
to changes in external conditions [24]—which opens up the opportunities to study the
development of resistance. We assume that by using FTIR spectroscopy it would be pos-
sible to monitor the course of treatment, or the effectiveness of the drug used, as well as
analyzing the biological fluids, regulating treatment regimes, and determining sensitivity
to antibiotics. The advantages of FTIR spectroscopy include a small amount of substance
for analysis (50 μL), non-invasive and giving numerical reagents, and biochemical changes
at the molecular level. It has been widely discussed that the optical method of FTIR spec-
troscopy can potentially be used by doctors to accelerate the diagnosis of a patient or as an
auxiliary method of analysis—during or before surgery [25].

Confocal Laser Scanning Microscopy (CLSM) is an optical imaging technique for
increasing the optical resolution and contrast of micrography by using a spatial point hole
to block out-of-focus light during image formation. Confocal microscopy allows direct,
non-invasive sequential optical cutting of intact, thick, living samples with minimal sample
preparation. Practical applications of CLSM include imaging of various tissues, cells, and
drug interactions. CLSM provides efficient characterization of the physicochemical proper-
ties of drug delivery systems [26], diagnostics, and examination of cancerous tissues [27]
and visualization of bacteria [6,28–30]. Confocal microscopy makes it possible to visualize
the accumulation of drugs in cells and to study the mechanisms affecting the effectiveness
of the therapeutic agent [6,28,29,31–34].
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As possible promising experimental bases to solve the problem of latent infections
localized in macrophages and multidrug resistance of bacteria, we propose two approaches:
the use of a targeted drug delivery system to macrophages to concentrate drugs in the
lungs [6,28,31,32,35–56], as well as the use of adjuvants (allylbenzenes and terpenoids) that
inhibit efflux and increase the permeability of the membrane of pathogenic microorgan-
isms [6–8,34,57–61]. We used rifampicin (Rif) [35,53,62] and doxorubicin (Dox) [35,57] as
model (fluorophore) drugs, and studied their synergism with adjuvants (terpenoids from
plant extracts) as well as the molecular mechanisms of such combined drug action that can
be visualized by optical and spectral methods.

Thus, this study is aimed at developing a new approach based on spectral and optical
methods for possible use in medical practice: monitoring the course of treatment based on
spectral data of biological fluids, potential diagnosis of bacterial diseases, and strengthening
existing therapeutic formulations.

2. Materials and Methods

2.1. Reagents

Carbonyldiimidazole (CDI) was obtained from GL Biochem Ltd. (Shanghai, China)
via an intermediary Himprocess (Moscow, Russia). D-mannose, galactose, PEI 1.8 kDa
(branched), fluorescein isothiocyanate (FITC), NaBH3CN, DMF, DMSO, Et3N,
2-hydroxypropyl-β-cyclodextrin (HPCD), 1M 2,4,6-trinitrobenzenesulfonic acid, rifampicin,
and doxorubicin were obtained from Sigma Aldrich (St. Louis, MI, USA). Eosin-5-maleimide
was purchased from Invitrogen (Molecular Probes, Eugene, Oregon, USA). Mannotriose-di-
(N-acetyl-D-glucosamine) was obtained from Dayang Chem Co., Ltd. (Hangzhou, China).
Eugenol and safrole at the highest commercial quality were purchased from Acros Organics
(Flanders, Belgium). The preparation of apiol and plant extracts was carried out in the
same way as described earlier [63]. Other chemicals such as salts and acids were obtained
from Reakhim Production (Moscow, Russia).

2.2. Synthesis and Characterization of Conjugates
2.2.1. Synthesis of Grafted Chitosan and Cyclodextrin

The synthesis, purification, and characterization of conjugates were carried out as
described earlier [6,20,50], including steps of HPCD activation by carbonyldiimidazole,
subsequent conjugation with PEI amino groups, and modification by three types of car-
bohydrate labels: linear galactose, linear mannose, and trimannoside—to determine the
affinity to CD206 receptors of macrophages. Introduction of the FITC label: to the aqueous
solution of PEI1.8 (5% in 0.01M HCl, 1 g), a solution of FITC (15 mg in 1.5 mL DMSO)
was added drop by drop with stirring; the pH was brought to 9.2 (sodium borate buffer,
0.1M). The mixture was incubated at 40 ◦C for 1 h, followed by purification by dialysis
against water (cut-off 1 kDa) for 6 h. Purification by dialysis and HPLC: characterization
was performed using by NMR, FTIR spectroscopy, analysis of nanoparticle trajectories, and
dynamic light scattering.

2.2.2. Dynamic Light Scattering (DLS)

The particle sizes and zeta potentials were measured using a Zetasizer Nano S
«Malvern» (Worcestershire, UK) (4 mW He–Ne-laser, 633 nm, scattering angle 173◦). The
experiment was performed in a temperature-controlled cell at 25 ◦C. Autocorrelation func-
tions of intensity fluctuations of light scattering were obtained using the correlation of
the Correlator system K7032-09 «Malvern» (Worcestershire, UK). Experimental data were
processed using «Zetasizer Software» (v. 8.02).

2.2.3. Nanoparticle Tracking Analysis (NTA)

Determination of the hydrodynamic diameter of the synthesized polymers was carried
out by NTA using a Nanosight LM10-HS device (Great Britain). Samples were diluted
with MilliQ purified water to a concentration of 107–109 particles/mL and kept in an
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ultrasonic bath for 30 s. The hydrodynamic diameter was determined by the Stokes–
Einstein equation relating to the analysis of the trajectory of the Brownian motion of
particles. Each sample was measured three times. The hydrodynamic diameter of the
particles was also determined using the method of dynamic light scattering.

2.3. Drug Loading

Loading of model fluorophores-antibiotics and adjuvants (eugenol) into HPCD-PEI1.8
delivery systems was carried out by 2-h incubation at 50 ◦C (0.005 M HCl)—a five–fold
mass excess of polymer over the drug.

2.4. FTIR Spectroscopy Studying of the Antibiotic’s Actions on E. coli or CD206+
Macrophages Cells

Escherichia coli JM109 cells (overnight culture in liquid nutrient medium Luria–Bertani
(pH 7.2), 108 CFU) were washed twice with 0.01 M sterile PBS from the culture medium
by centrifuging (Eppendorf centrifuge 5415C, 10 min, 12,000× g). Cell suspensions
(107 CFU/mL) were incubated with antibiotic samples; then, after 1-2-12-24 h, the cell’s
samples were suspended and aliquots of 0.5 mL were taken. The cells are precipitated
by centrifugation and separated from the supernatant, washed twice, and resuspended
in 50 μL PBS to register the IR spectra. The supernatant is separated to determine the
amounts of unabsorbed substances. ATR-FTIR spectra of cells samples suspension were
recorded using a Bruker Tensor 27 spectrometer equipped with a liquid nitrogen-cooled
MCT (mercury cadmium telluride) detector. Samples were placed in a thermostatic cell
BioATR-II with a ZnSe ATR element (Bruker, Bremen, Germany). The FTIR spectrome-
ter was purged with a constant flow of dry air (Jun-Air, Michigan, USA). FTIR spectra
were acquired from 900 to 3000 cm−1 with 1 cm−1 spectral resolution. For each spectrum,
50–70 scans were accumulated at a 20 kHz scanning speed and averaged. Spectral data
were processed using the Bruker software system Opus 8.2.28 (Bruker, Bremen, Germany),
which includes linear blank subtraction, baseline correction, differentiation (second or-
der, 9 smoothing points), min-max normalization, and atmosphere compensation. When
necessary, 11-point Savitsky–Golay smoothing was used to remove noise. Peaks were
identified by the standard Bruker picking-peak procedure. The concentration of Rif inside
the cells was calculated from the material balance considering the unabsorbed Rif by UV-vis
spectroscopy.

2.5. Macrophages Cell Lines

For the macrophage phagocytose assay, a human monocyte cell line THP-1 was used.
Cells were obtained from the bank of cell lines at Lomonosov Moscow State University.
THP-1 cells were cultured on T25 flasks in 5 mL RPMI-1640 (Gibco, Carlsbad, CA, USA),
supplemented with GlutaMAX™ supplement (Gibco, Carlsbad, CA, USA) and buffered
with 10 mM HEPES pH 7.4 containing 10% heat-inactivated FBS (Gibco, Carlsbad, CA, USA)
and 1% antimycotic antibiotic (HyClone) at 37 ◦C and 5% CO2. To derive macrophage-like
cells, THP-1 cells were seeded on 6-well plates in 2 mL of RPMI-1640 (Gibco, Carlsbad,
CA, USA), supplemented with GlutaMAX™ supplement (Gibco, Carlsbad, CA, USA) and
buffered with 10 mM HEPES pH 7.4 containing 10% heat-inactivated FBS (Gibco, Carlsbad,
CA, USA) and 1% antimycotic antibiotic (HyClone) with the addition of 100 nM phorbol
12- myristate 13-acetate (PMA, p8139, Sigma Aldrich, St. Louis, MI, USA) for 72 h. After
72 h, the medium containing PMA was replaced with RPMI-1640 (composition described
above) without PMA and cells were cultured for another 96 h.

CD206-evaluation. To block nonspecific binding sites, cells were incubated with a
10% solution of normal goat serum in PBS with 1% bovine serum albumin BSA for 1 h at
RT. Then, the samples were incubated with a solution of anti-CD206 antibodies (ab64693,
Abcam, 1:100) or rabbit polyclonal control IgG (910801, Biolegend) as a control for 2 h at
RT and subsequently with goat-anti-rabbit antibody conjugated with Alexa594 (A11037,
Invitrogen, 1:1000). The nuclei were labeled with DAPI (Sigma-Aldrich, St. Louis, MO,
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USA). Samples were analyzed with a Leica DM6000B fluorescent microscope equipped
with a Leica DFC 360FX camera (Leica Microsystems GmbH, Wetzlar, Germany).

2.6. Confocal Laser Scanning Microscopy

Escherichia coli JM109 cells (overnight culture in liquid nutrient medium Luria–Bertani
(pH 7.2), 108 CFU) were centrifuged twice (Eppendorf centrifuge 5415C, 10 min, 12,000× g)
and washed with 0.01 M PBS from the culture medium. Next, the cells were incubated for
60 min at 37 ◦C with 1 μg/mL of eosin-5-maleimide solution followed by twice-washing.
Macrophages (CD206+ human monocyte cell line THP-1) placed in a 96-well fluorescent
plate (Costar) were incubated for 1 h with eosin-labeled bacteria followed by washing
(10 min, 4000× g). Samples (Dox in free form and with FITC-labeled delivery systems) were
added to macrophages with absorbed E. coli. The cells were centrifuged twice with PBS
washing (10 min, 4000× g). The cell centrifuge was suspended in 200 μL of PBS, followed
by the addition 100 μL of a 5% agarose solution at 45 ◦C to solidify the cell suspension
in the wells of a fluorescent plate. Fluorescence images were obtained by the confocal
laser scanning microscope (CLSM) Olympus FluoView FV1000 equipped with both a
spectral version scan unit with emission detectors and a transmitted light detector. CLSM is
based on the motorized inverted microscope Olympus IX81. Emission fluorescence spectra
of FITC (drug delivery system labelled), eosin (E. coli labelled), and Dox was obtained
by CLSM. The excitation wavelength 488 nm (multiline Argon laser) and dry objective
lens Olympus UPLSAPO 40X NA 0.90 were used for the measurements. Laser power,
sampling speed, and averaging were the same for all image acquisitions. The scan area was
80 × 80 μm2. FITC, Eosin, and Dox fluorescence was collected using the emission windows
set at 505–540, 540–575 nm, and 575–675, respectively, at 488 nm excitation. The signals
were adjusted to the linear range of the detectors. Olympus FV10 ASW 1.7 software was
used for acquisition of the images. FITC fluorescence is shown in green, Dox is red, Eosin
is magenta, and the image on the light is gray.

2.7. Dox, FITC-Labelled Ligand, and Eosin-Labelled E. coli Determination Macrophage Uptake

Quantitative analysis of Dox, FITC-labelled ligand (as in paper [50]), and eosin-labelled
E. coli (Section 2.6) content in CD206+ macrophages was performed using fluorescence
spectroscopy. λexci (Dox or FITC) = 490 nm. λexci (eosin) = 515 nm. λemi (Dox) = 595 nm,
λemi (eosin) = 560 nm, λemi (FITC) = 520 nm. Registration of fluorescence spectra was
carried out using a SpectraMax M5 device (Pennsylvania, USA) in the Costar black/clear
bottom tablet (96 wells). T = 25 ◦C. The concentration of Dox, FITC, and eosin inside the
cells was calculated from the material balance considering the unabsorbed fluorophore’s
concentration determined by fluorescence intensity. Intracellular concentrations of fluo-
rophores were determined after destruction of macrophage cells by 10-min incubation with
1% Triton X-100 solutions.

2.8. Antibacterial Activity of Rif

The strain used in this study was Escherichia coli JM109 (J.Messing, USA). The culture
was cultivated for 18–20 h at 37 ◦C to CFU ≈ 1.5 × 108–2 × 108 (colony-forming unit,
determined by A600) in the liquid nutrient medium Luria–Bertani (pH 7.2) without stirring.
The experiments in liquid media were conducted by adding 50 μL of the samples in 5000 μL
of cell culture. The specimens were incubated at 37 ◦C for seven days. At the specific time,
100 μL of each sample was taken, diluted with distilled water, and the absorbance was
measured at 600 nm. For quantitative analysis, the dependences of CFU (cell viability) on
the concentration of Rif, 50 μL of each sample was diluted 105–109 times and seeded on the
Petri dish. Dishes were placed in the incubator at 37 ◦C for 24 h. Then, the number of the
colonies (CFU) was counted.
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2.9. Statistical Analysis

A statistical analysis of the obtained data was carried out using the Student’s t-test Ori-
gin 2022 software (OriginLab Corporation, Northampton, MA, USA). Values are presented
as the mean ± SD of three experiments (three replicates).

3. Results and Discussion

3.1. FTIR Spectroscopy of E. coli—Drug Interaction’s Tracking

FTIR spectroscopy can be effectively used to monitor the molecular details of the
interactions of medicinal preparations with cells. In the cell, it is possible to distinguish
the main structural units that contribute to the absorption of IR radiation (Figure 1): cell
membrane lipids (2800–3000 cm−1), proteins, especially transmembrane (1500–1700 cm−1),
DNA phosphate groups (1240 cm−1), and carbohydrates, including lipopolysaccharides
(900–1100 cm−1). The main fluctuations of bonds in the structural units of E. coli cells were:
2960–2850 cm−1 CH, CH2, CH3 in fatty acids, 1655–1637 cm−1 amide I bands (α-helical and
β-pleated sheet structures), 1548 cm−1 amide II band, 1515 cm−1 aromatic band, 1465–1470
C–H deformation, 1310–1240 cm−1 amide III band components of proteins, 1250–1220
and 1084–1088 cm−1 P=O stretching of PO2

− − phosphodiesters, and 1100–900 cm−1 C–
O–C, C–O of saccharide ring vibrations [23]. The IR spectrum of lipids and phospholipids
has the following characteristic peaks of functional groups: two bands of symmetric
and asymmetric vibrations of hydrocarbon bonds, vibrations of the carbonyl group C=O,
and vibrations of the phosphate (Figure 1). The position of the bands and their shape
are sensitive to binding of the bilayer with ligands or drug molecules, hydrogen bond
formation, aggregation, and oxidation, etc. [64].

 

Figure 1. FTIR spectra of E. coli cells suspension in water. T = 22 ◦C.

To enhance the antibiotics efficiency, we used polymer nanoparticles HPCD-PEII1.8-
triMan (polyethyleneimines grafted with cyclodextrins and with a carbohydrate labels on
CD206 macrophage receptors (Table 1), as well as an adjuvant (on the example of eugenol),
which inhibits the pumping of drugs from cells and increases bioavailability [6,50].
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Table 1. Characteristics of drug delivery systems and their affinity to mannose receptor.

Carrier * Label (n) ** Molecular Weight, kDa
Hydrodynamic

Size ***, nm
Zeta-Potential

****, mV
Polydispersity

Index

HPCD-PEI1.8-
FITC * (3:1: 0.5:n)

**

Man (12)

9 ± 3

176 ± 100 –4 ± 2 0.4

triMan (3) 120 ± 50 –6.5 ± 1.5 0.45

Gal (12) 170 ± 60 –7 ± 3 0.4

* FITC-labeled ligands were used only for experiments with macrophages. ** n is the number of carbohydrate
labels. *** by NTA. **** by DLS.

Rif and EG are only poorly soluble in water, so they need to be included in the de-
livery system, and the simplest is methyl-cyclodextrin (MCD). Further, the authors use
cyclodextrin to prove the effectiveness of polymeric conjugates grafted by CD vs. simple
cyclodextrin. Figure 2 shows the difference FTIR spectra (the spectrum is subtracted at
zero time) of E. coli cell suspensions incubated with free Rif, Rif as part of a molecular
container, EG in the form of an inclusion complex with β-cyclodextrin, and a combined
formulation of antibiotic and adjuvant loaded into the delivery system. The aim of the
experiment is to study the influence of the concentration of substances and the incubation
time with cells on the changes in IR spectra of the cells, in other words, how the inter-
action of drugs and polymers with bacteria and macrophages is reflected on the spectra.
The most pronounced changes are observed in the absorption bands of amides 1 and 2
(1600–1700 and 1500–1600 cm−1), oscillations of CH2 groups (2800–3000 cm−1), as well as
in the region of 1240 cm−1 (PO2

− phospholipids and DNA) and 1000–1100 cm−1 (C-O-C
carbohydrates).

 

Figure 2. Difference FTIR spectra of E. coli incubated with rifampicin (Rif) or/and eugenol (EG) drug
formulations. The spectra at the zero moment of time are subtracted. T = 22 ◦C.
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Changes in the W1 region (Figures 1 and 2) correspond to a change in the structural
organization of the membrane and the accumulation of an antibiotic or EG inside the cells.
For free Rif (Figure 2) in the first hour, there is a significant (p-value = 0.014) decrease in the
intensity of ATR in W1, which indicates the incorporation of hydrophobic Rif molecules
into the bacterial membrane (disordering of lipids). After 2 h of incubation, the antibiotic
has already begun to accumulate inside the cells (the difference intensity in the IR spectrum
decreases dramatically in the W1 region), which correlates with the data that the Rif
penetrates into cells after 2–3 h (Figure 3). After 24 h, the antibiotic was eliminated by more
than 70% cells (Figure 3), most probably because of efflux (quantitative determination of
efflux was carried out by us earlier) [6]. The Rif concentration and ability to interact with
transmembrane proteins correlate with the intensity of amide peaks 1 and 2 (Figure 2).

Figure 3. Intracellular (E. coli) concentrations of Rif pre-incubated with cells in the form of various
formulations: free form, in the delivery system, and enhanced with the adjuvant (EG).

The inclusion of antibiotics in the delivery system to CD206+ macrophages (without
EG) leads to significant (p < 0.003) effects on the accumulation of drugs inside cells (Figure 3).
Accelerated drug absorption compared to free form is observed: (1) owing to the adsorption
of polymer particles on the membrane surface (0.004–0.009 ATR vs. 0.001–0.004 in W2) and
(2) owing to the occurrence of local defects in the membrane and increased penetration of
the drug into the bacteria. In addition, the prolonged action of Rif in the delivery system is
achieved, which can be observed by the changed in the intensity of amide 1 (Figure 2, top
row). After 12–24 h, free Rif is characterized by a low intracellular concentration (Figure 3),
and the drug in polymer particles is still working for 2–4 days [65,66]. The FTIR spectra of
E. coli incubated with drug delivery system HPCD-PEI1.8-triMan itself are presented in
Figure S1; the observed increase in intensity in the W2 region indicates the polymer carrier
interacts with transmembrane proteins.

The interaction of EG–MCD (efflux inhibitor and enhancing membrane permeability
agent [6]) with bacterial cells (Figure 2, bottom row) leads to: (i) inhibition of efflux pumps
(as can be judged from increase in the intensity of amides 1 and 2) and (ii) the creation
of defects (earlier was shown using CLSM [6]), which is reflected in a decrease W1 FTIR
intensity and increase W3, corresponding to DNA and phospholipids). This explains the
synergy of EG with antibiotics: we previously showed for levofloxacin and moxifloxacin
enhancing antibacterial activity and we found enhanced absorption by CLSM in the sample
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with EG [6,20,50,63]. Similar effects are observed here for rifampicin by FTIR. The greatest
effect is achieved for the combined antibiotic and adjuvant system in a polymer carrier
(Figure 2, bottom row): strong amplification of W2 and W3 peaks, which correlates with
blocking of efflux and high intracellular Rif concentration (Figure 3).

The changes discussed above in the FTIR spectra of E. coli when interacting with
antibacterial agents reflect the accumulation of Rif inside cells (Figure 3). The concentration
of free Rif does not exceed 1.5 μg/mL (calculated from the material balance considering the
unabsorbed Rif by UV-VIS spectroscopy) and drops after 2–4 h of incubation. However, in
the complex polymeric formulation, the penetration of the antibiotic is much more effective:
a concentration of >2.5–3.5 μg/mL is achieved and, moreover, it is maintained at >2 μg/mL
for 72 h.

3.2. FTIR Spectroscopy of E. coli in CD206+ Macrophages—Drug Interaction’s Monitoring

The CD206 mannose receptor is of greatest interest, which is involved in the recogni-
tion of pathogens stemming from the interaction of protein-binding domains with oligosac-
charide patterns of microorganisms (Candida albicans, Pneumocystis carinii, Leishmania dono-
vani, Mycobacterium tuberculosis, Klebsiella pneumoniae, etc.) [67,68]. The CD206 receptor
mainly allows for targeting activated macrophages, in which resistant and dormant in-
fections can accumulate. Selectivity toward micro-organisms is achieved because of the
specificity of CD206 to mannose, fucose, and N-acetylglucosamine residues, which often
cover the surface of pathogen cells, unlike mammals [31,41,49,56,69].

As shown above, the HPCD-PEI1.8-triMan molecular container and eugenol adjuvant
enhance Rif penetration into bacterial cells and cause prolonged action according to FTIR
spectroscopy data. Pathogens are least accessible when they localized in macrophages,
so it is necessary to deliver antibacterial agents to macrophages, for example through the
CD206 receptor.

Figure 4 shows the FTIR spectra of CD206+ macrophages with bacteria absorbed
by them. We studied the interaction of macrophages with polymer carriers with three
carbohydrate vectors of different affinity to CD206 (galactose—with low affinity to CD206,
mannose with medium affinity and high affinity trimannoside vector), as well as the use
of the EG adjuvant using FTIR spectroscopy, orthe effect of phagocytosis on the spectra.
As shown earlier by flow cytometry [6,50] and confirmed here with FTIR spectroscopy
(Figure 4), macrophages phagocytize polymer particles mainly with a high-affinity vector
(triMan). Changes in the membrane of macrophages and E. coli are reflected in the region
of 3000–2850 cm−1: the highest intensity means increased phagocytic activity and, conse-
quently, greater accessibility for bacterial cells, which is further confirmed by an increase
in the intensity of the peak of 1150–1000 cm−1 corresponding to the number of polymers
adsorbed on E. coli and absorbed by macrophages. The CD206+ dependent binding of
drug delivery systems to macrophages is confirmed by quenching peaks of amides 1 and 2,
which is typical only for mannose-labeled polymers. Eugenol additionally enhances the
accumulation of only high-affinity ligands (bottom row, Figure 4—amide region 1 and 2)
and thereby increases the selectivity of the developed HPCD-PEI1.8-triMan carriers.

3.3. CLSM of E. coli in CD206+ Macrophages—Drug Interaction’s Visualization

To clarify the action mechanisms of polymeric carriers and adjuvant, CLSM and
fluorescent studies of the drugs interaction with bacteria were carried out. We made a
model system of macrophages with absorbed E. coli, which are colored with eosin, to
study phagocytosis by macrophages of FITC-labeled HPCD-PEI1.8-triMan loaded with the
fluorophore—antibiotic doxorubicin (Dox).

We studied three groups of samples:
(1) Control Dox to study the penetration and accumulation of free drug in macrophages

and inside bacterial cells;
(2) Dox in a polymeric ligand (with different CD206-affinity labels: non-specific galac-

tose, medium-affine mannose and high-affine triMan) to study macrophage phagocytosis
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activity and the effect of polymer on the adsorption efficiency on the bacterial cells and
penetration of Dox;

(3) Dox in a polymeric ligand enhanced with EG as an agent enhancing the membrane
permeability and efflux inhibitor.

The assignment of fluorescence signals (Dox, eosin, and FITC) is based on the fluores-
cence spectra of substances in the systems under consideration (Figure S2, Method section).
Confocal images of macrophages with insider bacteria are shown in Figure 5 and S3. On
confocal images, large macrophages can be observed, inside of which E. coli are highlighted
in pink, in which Dox accumulates asred dots.

Figure 4. FTIR spectra of CD206+ Macrophages with absorbed E. coli incubated with drug delivery
systems with different carbohydrate vectors and eugenol-enhanced formulations.

Free Dox accumulates weakly in macrophages and inside E. coli (Figure 5a). Dox is
released from the bacteria by pumping proteins in a process of efflux, and macrophages, in
principle, poorly absorb small drug molecules.

The effect of adjuvant EG (Figure 5b) on the accumulation of Dox. An increase in the
degree of Dox accumulation in bacterial cells in macrophages is observed. EG acts in two
directions: creates defects in the membrane and inhibits pump proteins, as we showed in
the last article [6].

The effect of drug delivery systems on the accumulation of Dox (Figure 5c–e). CD206-
positive cells effectively phagocytosed predominantly high-affinity polymeric conjugate
with trimannoside HPCD-PEI1.8-triMan, but not conjugate with linear galactose, which
follows from the intensity of macrophage-associated fluorescence in the FITC channel
(green). The label of linear mannose on the conjugate is medium effective. Inside the
macrophages, colored dots are visible (in all channels), corresponding to the bacteria on
which the polymer is adsorbed. Owing to the high penetration of HPCD-PEI1.8-triMan
into macrophages, the accumulation of Dox in E. coli is very high, relative to control
samples (Dox). Earlier, our cytometry assay determined that 80% of macrophage-like
cells were FITC-positive after adding HPCD-PEI1.8-triMan, 60% were FITC-positive after
adding HPCD-PEI1.8-Man, and 15% were FITC-positive after adding HPCD-PEI1.8-Gal [50].
Therefore, the data on CLSM and FTIR correlate with the flow cytometry data.
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Figure 5. Confocal laser scanning images of CD206+ macrophages with absorbed eosin-labelled E. coli.
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Incubation 2 h with Dox 10 μg/mL and FITC-labeled HPCD-PEI1.8. Dox 10 μg/mL: (a) free, (b) with
1 mg/mL EG, (c) in FITC-labelled HPCD-PEI1.8-Gal, (d) in FITC-labelled HPCD-PEI1.8-triMan, (e) in
FITC-labelled HPCD-PEI1.8-Man, (f) in FITC-labelled HPCD-PEI1.8-triMan with 1 mg/mL EG. The
scale segment is 100 μm (division value is 20 μm); 4–6 channels are shown: red, Dox; green, FITC;
magenta, eosin; gray, transmission light mode; and overlay. λem = 488 nm (multiline Argon laser).

The synergy effect antibiotic and adjuvant, loaded into polymeric nanoparticles
(Figure 5f and S3). Dox in combination with eugenol, which enhances penetration through
cell membranes and inhibits drug pumping, accumulates 10 times more efficiently than a
simple substance in the composition of high-affinity conjugates to CD206+ macrophages.
Thus, the complex formulation antibiotic and adjuvant in a drug delivery system is a perfect
approach to accumulate the drug in the target macrophages with pathogenic bacteria.

In summary, by using CLSM and FTIR, we were able to distinguish bacteria inside
macrophages, and showed how ligands penetrate into macrophages and thereby increase
the accumulation of drugs inside bacteria.

Thus, confocal microscopy confirms the data of FTIR spectroscopy in the terms of
enhancing the permeability of the bacterial membrane to the drug caused by polymers
and adjuvants (efflux inhibitors) and phagocytosis by macrophages. Therefore, spectral
changes are confirmed visually and quantitatively (Section 3.4. Table 2).

Table 2. The amounts of Dox and FITC-labeled carrier absorbed by macrophages with E. coli inside.
Fluorescence detection (Method section). T = 22 ◦C.

Sample Dox Absorbed, %
FITC-Labeled Carrier

Absorbed, %

Dox 10 μg/mL

- - 23 ± 2 -

Eugenol 1 mg/mL

30 ± 3

HPCD-PEI1.8-Gal 27 ± 4 13 ± 4

HPCD-PEI1.8-triMan 65 ± 4 73 ± 7

HPCD-PEI1.8-Man 49 ± 3 53 ± 3

HPCD-PEI1.8-Gal
-

27 ± 5 12 ± 1

HPCD-PEI1.8-triMan 77 ± 3 63 ± 4

HPCD-PEI1.8-Man 53 ± 2 57 ± 2

3.4. Quantitative Data on the Penetration of Drugs into Macrophages with E. coli

Table 2 presents quantitative data on the absorption of Dox and FITC-labeled conju-
gates (determined based on the material balance of extracellular and intracellular concen-
trations in macrophages after lysis with 1% Triton X-100, fluorescent detection). The data on
ligand uptake correlate with those previously obtained by flow cytometry: the carrier with
the trimannoside vector is absorbed by cells by more than 60–70%, and galactose-labeled by
only 10–15%. Thus, owing to polymer ligand and adjuvants (eugenol or its analogues), it is
possible to increase the accumulation of Dox inside macrophages by more than three times.
Taking into account the previously obtained values for isolated E. coli [6], the accumulation
of Dox directly in the bacteria increased by more than 10 times (it implies the total effect of
enhanced penetration into macrophages x 3–4 and then in E. coli inside macrophages × 3).

3.5. Rif Antibacterial Activity on E. coli

Using FTIR spectroscopy, changes in cells during incubation with drugs have been
demonstrated—therefore, it is important to show how these data correlate with antibacterial
activity. The antibacterial activity of Rif in a free form and in the composition of molecular
containers and enhanced with eugenol demonstrates correlations between the observed
effects using spectral and optical methods and what is actually observed in a microbiological
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experiment. Figure 6 shows the curves of the survival of E. coli bacterial cells on the
incubation time with various forms of Rif in comparison with the control (without the
addition of an antibiotic). Apparently, polymers accelerate the penetration of antibiotics
into cells because of the adsorption of polysaccharides on the cell wall surface. According
to the data on CFU and the turbidity of the cell suspension (A600), the HPCD-PEI1.8-
triMan polymer itself does not affect cell growth, and the Rif efficiency practically does
not increase when incorporated into cyclodextrin (MCD); however, when loaded into the
polymer system, the efficiency increases significantly (0.5–1 CFU order). Eugenol in the
form of a complex with MCD demonstrates antibacterial activity; however, it is not bright
in itself. At the same time, eugenol acts as a synergist as an adjuvant to the antibiotic Rif,
so cell growth is quickly suspended, and the number of viable cells falls. Previously, the
synergism of antibiotics (moxifloxacin and levofloxacin) with eugenol, menthol, and apiol
was demonstrated by us [20,63,70]. Thus, the complex formulation of antibiotic and booster
adjuvant in the delivery system with active targeting function is a promising combination
for the possible strengthening of existing therapies.

Thus, the correlations of the antibacterial activity of therapeutic agents with the
observed effects in the FTIR spectra and visually in a confocal microscope are demonstrated.
Optical methods are applicable for the diagnosis and optimization of the treatment of
bacterial infections.

(a) 

Figure 6. Cont.
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(b) 

Figure 6. Antibacterial activity of Rif (1 μg/mL) in free form and loaded into HPCD-PEI1.8-triMan,
enhanced with eugenol (0.1 mg/mL): (a) absorbance of samples (in terms of the diluted samples
(absorption was determined in aliquots diluted 4–10 times)) correlated with CFU, and (b) CFU
dependences determined by quantitative seeding on petri dishes. Rif: polymer mass ratio = 1:10.
pH 7.4 (0.01 M PBS), 37 ◦C.

4. Conclusions

Visualization of the action of therapeutic agents at the molecular level seems to be
a powerful way to find out the points of increasing the effectiveness of antibacterial
drugs, and in the future, cytostatic ones. The methods of FTIR spectroscopy and con-
focal microscopy are potentially applicable for the diagnosis of latent infections localized in
macrophages, such as pneumonia, tuberculosis, and mycoplasma. Using FTIR spectroscopy,
it was shown that the accumulation of rifampicin in model E. coli cells increases with the use
of polymeric molecular containers and adjuvants that inhibit efflux and increase membrane
permeability. The penetration of the model fluorophore antibiotic doxorubicin into CD206+
macrophages with E. coli localized in them was visualized using CLSM. The efficiency of
phagocytosis of polymer drug carriers by macrophages depending on the carbohydrate
label (galactose, mannose, trimannoside) was compared. The developed delivery systems
increase the effectiveness of the therapeutic agent (Dox or Rif) by more than 10 times (it
implies the total effect of enhanced penetration into macrophages ×3–4 and then inside
macrophages in E. coli ×3). Thus, we presented the potential of practical application of op-
tical and spectral methods (FTIR + CLSM) in aspects of drug study and possible diagnosis
of diseases.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/diagnostics13040698/s1, Figure S1. FTIR spectra of E.
coli incubated with drug delivery system HPCD-PEI1.8-triMan. T = 22 ◦C. Figure S2. Emission
fluorescence spectra of FITC (drug delivery system labelled), eosin (E. coli labelled), and Dox obtained
by CLSM. λem = 488 nm (multiline Argon laser). Figure S3. Confocal laser scanning images of
CD206+ macrophages with absorbed eosin-labelled E. coli. Incubation with Dox and FITC-labeled
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HPCD-PEI1.8-triMan. The scale segment is 100 μm (division value is 20 μm); 4–6 channels are shown:
red, Dox; green, FITC; magenta, eosin; gray, transmission light mode; and overlay λem = 488 nm
(multiline Argon laser).
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Abbreviations

CLSM confocal laser scanning microscopy
CFU colony-forming unit
Chit chitosan
Cin inside concentration
Dox doxorubicin
HPCD 2-hydroxypropyl-β-cyclodextrin
FTIR Fourier transform infrared (spectroscopy)
MCD methyl-β-cyclodextrin
MM molar mass
NTA nanoparticle tracking analysis
Rif rifampicin
triMan trimannoside residue
EG eugenol;
PEI polyethyleneimine;
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Abstract: The present work is focused on the study of changes in microcirculation parameters in
patients who have undergone COVID-19 by means of wearable laser Doppler flowmetry (LDF)
devices. The microcirculatory system is known to play a key role in the pathogenesis of COVID-19,
and its disorders manifest themselves long after the patient has recovered. In the present work,
microcirculatory changes were studied in dynamics on one patient for 10 days before his disease
and 26 days after his recovery, and data from the group of patients undergoing rehabilitation after
COVID-19 were compared with the data from a control group. A system consisting of several
wearable laser Doppler flowmetry analysers was used for the studies. The patients were found to
have reduced cutaneous perfusion and changes in the amplitude–frequency pattern of the LDF signal.
The obtained data confirm that microcirculatory bed dysfunction is present in patients for a long
period after the recovery from COVID-19.

Keywords: laser doppler flowmetry; wearable blood perfusion sensors; COVID-19; SARS-CoV-2;
rehabilitation; blood perfusion; blood flow oscillations; wavelet analysis

1. Introduction

The propagation of coronavirus infection, also known as COVID-19, has caused a
huge number of illnesses and deaths. To date, there have been more than 650 million
confirmed cases of SARS-CoV-2 infection and more than 6 million deaths worldwide (ac-
cording to the Johns Hopkins University Coronavirus Resource Center). Three years after
the first reported cases of SARS-CoV-2 infection, the pandemic is still far from being over.
Despite the development and widespread implementation of vaccines and containment
measures, COVID-19 still has a significant impact on the lives of millions of people world-
wide. Emerging evidence suggests a close link between severe clinical COVID-19 and an
increased risk of its vascular complications, such as thromboembolism [1]. Approximately
40–45% of cases are asymptomatic with SARS-CoV-2, but clinical observations suggest that
complications may occur even in the asymptomatic course of the disease [2].

Although COVID-19 was originally considered a respiratory disease, it has now
been established that it affects multiple organs and systems, including the cardiovascular
system, gastrointestinal system, brain, kidney, liver, skeletal muscle, and skin of infected
patients [3,4]. Recently, there is increasing evidence of the negative impact of this disease
on the microcirculatory system of the blood [5–7]. It is known that SARS-CoV-2 affects
the microcirculatory bed, causing edema and damage to endothelial cells, affects the
development of microthrombosis, and capillary blockage, and causes a variety of other
negative effects [8]. The development of these disorders, in addition to the direct threat
to the patient’s life and health, can also be a key factor in the development of long-term
consequences of coronavirus infection, significantly reducing the quality of life of patients.
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Serious concerns are caused by the fact that proinflammatory status and procoagulation
activity can remain in patients for a long time after the recovery [9].

Recent observations show that a fairly large proportion of patients who have recovered
from a coronavirus infection subsequently suffer long-term effects of the disease [10]. These
include symptoms such as weakness, breathlessness, chest, and joint pain, confusion,
memory and concentration problems (so-called “brain fog”), mood changes, etc. These
and other symptoms can persist for months after the disease itself and significantly reduce
patients’ quality of life [11]. These disorders are referred to as “long COVID” or post-
COVID syndrome. Current research is largely focused on the acute stage of SARS-CoV-2,
but ongoing monitoring of the long-term effects of the disease is also necessary. In this
context, the need for research into the rehabilitation of patients after coronavirus infection
is clear.

There is a significant body of evidence suggesting that cardiovascular complications
of coronavirus can also occur in an asymptomatic course [2], making it even more difficult
to detect such complications at an early stage. This means that there will be an urgent
need for both diagnostic and rehabilitative measures in the next few years for patients who
have suffered from this disease. In addition, there are risks of a similar clinical outcome
not only with COVID-19 but also with possible future epidemics of respiratory infections.
Existing diagnostic methods routinely used in clinical practice do not allow adequate
assessment of blood flow at the microcirculatory level. Currently, there is a need to develop
new approaches to the diagnosis of microcirculatory disorders occurring in coronavirus
infection, as well as to develop strategies for individual therapy and rehabilitation of
patients after COVID-19.

Despite the widespread prevalence of the disease and the incidence of cardiovascular
complications, as well as the proven extensive involvement of microvasculature in patho-
logical processes, only very few papers have been published to date on the noninvasive
assessment of blood microcirculation after COVID-19 [12–14].

One of the most common and applicable methods for diagnosing the state of the
blood microcirculation system is laser Doppler flowmetry (LDF) [15,16]. This method
is widely used in the diagnosis of complications of diabetes mellitus [17,18], rheumatic
diseases [19], hypertension [20] and a number of other socially important diseases. Over
the years, different modifications of the conventional laser Doppler technique had been
introduced, including several attempts at developing wearable devices [21–23].

In the COVID-19 clinic, the main focus of research using LDF was on studying the
dynamic characteristics of blood flow, including the application of functional tests. It has
been shown that, during the acute phase of COVID-19, patients demonstrate a reduced
vasodilatory response to local heating and reduced microvascular reactivity [24]. The corre-
lations between microcirculatory parameters measured by LDF and laboratory test results
of patients during the acute period of the disease were also analysed [25]. Another study
using laser speckle contrast imaging technology demonstrated reduced vasodilation in
patients with COVID-19 in response to acetylcholine and sodium nitroprusside, which
persists for at least 3 months after the disease [26]. We did not find any studies in the
English-language literature devoted to spectral analysis of LDF recordings in patients who
underwent COVID-19. Since it is known that such analysis provides valuable diagnostic
information about the state of systems regulating blood flow, including the nervous system
and endothelial function, the present work aimed to fill the gaps in this area.

In this context, this work aimed to comprehensively examine the changes in blood
microcirculation that occur both in the acute period of the COVID-19 disease and in the
long term during rehabilitation procedures.

2. Materials and Methods

2.1. Experimental Equipment

A distributed system consisting of 4 wireless wearable microcirculatory blood flow
analysers implementing LDF method “LAZMA PF” (LAZMA Ltd, Russia; in EU/UK this
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device made by Aston Medical Technology Ltd., UK as “FED-1b”) was used for data record-
ing in this study [27–29]. These analysers use VCSEL die chips (850 nm, 1.4 mW/3.5 mA,
Philips, The Netherlands) as a single-mode radiation source. The analysers are imple-
mented without optical fibres with direct skin irradiation from a window at the back of
the instrument. This allows for avoiding fibre coupling losses as well as decreasing the
movement artefacts which are common in fibre-based LDF monitors. The devices operate
autonomously on internal battery power and transfer the measured signal via Bluetooth
and/or Wi-Fi. The devices also have built-in motion and temperature sensors to eliminate
the possible influence of motion artefacts and temperature changes on the recorded signal.
When processing motion sensor data, recordings simultaneous with the subject’s move-
ments are identified as potential sources of distortion of the LDF gram and filtered using
special software. The appearance of the analysers (left) as well as the options for mounting
them on the volunteer’s hands (right) are shown in Figure 1.

Figure 1. The appearance of the analysers (left) and the options for mounting them on the volunteer’s
hands (right).

2.2. Experimental Protocol

The present study comprised 2 phases. The first stage involved a dynamic assessment
of the processes occurring in the blood microcirculatory system during the acute period
of coronavirus infection. During routine daily LDF measurements, an 18-year-old male
patient was found to be accidentally infected with SARS-CoV-2 (confirmed by PCR analysis
of nasopharyngeal swabs). The patient had not been vaccinated against COVID-19 prior to
the study nor did he have previous experience with COVID-19. The measurements were
carried out in the supine position, each lasting for 10 min. To record signals, analysers
were attached to the pads of the third fingers and big toes, as well as on the dorsal surfaces
of the wrists and the inner parts of the upper third of the shins. The positioning and
attachment of wearable devices on the patient’s body during the study are shown in
Figure 2. The measurements were taken 10 days before the onset of the disease and during
26 days after the recovery. No measurements were taken during the acute phase of the
disease (7 days) because of the patient’s poor well-being. A total of more than 170 LDF
signals were measured and processed over the entire study period for this patient.
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Figure 2. Location of the analysers on the patient’s body during the study: on fingers (A), toes (B),
wrists (C) and shins (D). The device attachment positions are indicated by red areas.

The second phase of the study involved the comparison of blood microcirculation
parameters measured by LDF in a group of patients undergoing rehabilitation procedures
after COVID-19 and a group of conditionally healthy volunteers with no previous history
of coronavirus infection. The main group consisted of 23 subjects who had long COVID
symptoms for a prolonged period of time after the recovery from an acute coronavirus
infection and were undergoing rehabilitation in a private healthcare facility. Three of
them had had a severe COVID-19 infection; all the other patients experienced moderate
symptoms of COVID-19. Patients in the main group were measured between 1 and
6 months after the recovery. The mean age of the main group was 58 ± 9 years. The control
group included 13 conventionally healthy volunteers of a matching age who were measured
in 2019 before the pandemic spread, suggesting that the volunteers in the control group
had never encountered COVID-19. Volunteers with any history of cardiovascular or other
serious chronic diseases affecting the circulatory system were excluded from the study.
The study was conducted with the subject in the supine position in a relaxed state and
consisted of a 10-min measurement of microcirculation using a wearable LDF device
(“LAZMA-PF”). The analysers were attached to the dorsal surface of the forearms at a
point 2 cm above the styloid process and on the inside of the upper third of the shins (see
Figure 2C,D) as these points proved to be the most informative from the previous stage of
the study. Figure 3 shows a diagram of the experimental design of the study.
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Figure 3. A diagram of the experimental design.

2.3. Data Analysis

In the present study, the analysed parameters were the value of the index of blood
microcirculation—Im and amplitudes of blood flow oscillations in the different frequency
bands corresponding to different mechanisms of microcirculatory blood flow regulation,
measured in relative perfusion units (p.u.) [30]. The endothelial (Ae) band (0.005–0.021 Hz)
reflects the vascular tone regulation due to the endothelium activity, both NO-dependent
and independent; the neurogenic (An) band (0.021–0.052 Hz) represents the influence
of neural innervation on blood flow; the myogenic (Am) band (0.052–0.145 Hz) corre-
sponds to vascular smooth muscle activity; and respiratory (Ar) and cardiac (Ac) bands
(0.145–0.6 Hz and 0.6–2 Hz, respectively) carry information about the influence of heart
rate and movement of the thorax on the peripheral blood flow [31,32]. To calculate the
amplitude–frequency spectra of the LDF signal, we used a mathematical apparatus of
wavelet transform implemented in the software of wireless wearable analysers “LAZMA-
PF”. This software performs a continuous wavelet transform using the complex-valued
Morlet wavelet as the analysing wavelet.

In addition, the parameter of nutritive blood flow (Imn), estimated by a well-known
algorithm [33], was calculated. The use of this parameter makes it possible to estimate the
distribution of blood flow along capillary and shunt vessels.

The statistical analysis of the data was performed in Origin Pro 2021 software. Due
to the limited sample size, a non-parametric Mann–Whitney U test was used to check
the statistical significance of differences. Values of p < 0.05 were considered significant.
The results are presented as the mean ± SD unless otherwise indicated.

3. Results

The first phase of the study demonstrated that COVID-19 results in changes in micro-
circulatory blood flow regulation mechanisms, which can be measured by assessing the
spectral characteristics of the LDF signal. The results of the measurements are shown in
Table 1.
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Table 1. Results of the first part of the study.

Parameter
Wrists
before

Wrists
after

Shins
before

Shins after
Fingers
before

Fingers
after

Toes
before

Toes after

Im, p.u. 4.85 ± 0.71 4.92 ± 0.61 8.60 ± 1.29 8.25 ± 1.61 21.83 ± 1.22 21.41 ± 1.88 19.43 ± 3.92 17.48 ± 2.78
Imn, p.u. 1.99 ± 0.44 1.78 ± 0.33 3.10 ± 0.78 3.14 ± 0.78 9.56 ± 1.64 8.70 ± 1.69 9.15 ± 2.99 9.71 ± 1.78
Ae, p.u. 0.15 ± 0.04 0.22 ± 0.10 0.22 ± 0.06 0.28 ± 0.12 0.56 ± 0.37 0.58 ± 0.26 0.75 ± 0.37 0.90 ± 0.26
An, p.u. 0.20 ± 0.03 0.24 ± 0.11 0.24 ± 0.07 0.26 ± 0.08 0.61 ± 0.36 0.64 ± 0.32 0.81 ± 0.44 1.03 ± 0.38
Am, p.u. 0.26 ± 0.03 0.21 ± 0.04 * 0.25 ± 0.05 0.24 ± 0.05 0.59 ± 0.22 0.51 ± 0.09 0.90 ± 0.31 1.18 ± 0.41
Ar, p.u. 0.27 ± 0.01 0.24 ± 0.04 0.32 ± 0.01 0.28 ± 0.04 * 0.45 ± 0.03 0.42 ± 0.03 0.44 ± 0.08 0.43 ± 0.05
Ac, p.u. 0.42 ± 0.03 0.39 ± 0.06 0.49 ± 0.05 0.42 ± 0.05 * 0.77 ± 0.17 0.69 ± 0.16 1.10 ± 0.11 0.98 ± 0.16

*—The significance of the difference between the values before and after the disease was confirmed with p < 0.05
according to the Mann–Whitney U test.

No significant changes were observed in fingers and toes in this measurement. How-
ever, there was a general trend towards a decrease in microcirculation after the disease,
and also in the magnitude of the nutritive blood flow in the upper extremities. Figure 4
shows box plots of the amplitude of blood flow oscillations for the stages before and after
the disease, measured in wrists and shins.

Figure 4. Box plots of blood flow oscillation amplitudes measured in wrists (left panel) and shins
(right panel). *—The significance of the difference between the values was confirmed with p < 0.05
according to the Mann–Whitney U test.

A statistically significant decrease in the amplitude of myogenic oscillations was
found in the arms after the disease. In the legs, a significant decrease in the amplitudes
of respiratory and cardiac oscillations was observed. Similar changes can be traced in the
upper extremities, but they do not reach statistically significant levels there. Figure 5 shows
the dynamic changes in blood flow oscillations measured in wrists (a) and shins (b).

Figure 5. Changes in blood flow oscillations in the wrists (left) and shins (right) during the course
of the disease and recovery.
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The figures show that COVID-19 causes high-amplitude changes in the magnitude of
endothelial and neurogenic blood flow oscillations immediately after the recovery, which
probably caused a high variability of these values at the “After” stage and failure to achieve
a statistically significant difference in them when there is a trend for their increase after
the disease. These changes are especially pronounced in the upper extremities. In the legs,
there is a significant drop in the amplitude of the cardiac oscillations immediately after the
disease and of the respiratory oscillations one week after the recovery, which also correlates
with the results obtained in the upper extremities.

The results of the second stage of the experimental study were subsequently analysed.
Table 2 presents the data obtained from the second stage of the study.

Table 2. Results of the second part of the study.

Parameter
Wrists

CONTROL
Wrists

COVID-19
Shins

CONTROL
Shins

COVID-19

Im, p.u. 6.70 ± 2.13 5.60 ± 2.13 8.08 ± 2.19 6.33 ± 1.31 *
Imn, p.u. 1.51 ± 0.58 1.15 ± 0.48 * 1.93 ± 0.99 1.28 ± 0.48 *
Ae, p.u. 0.20 ± 0.11 0.27 ± 0.11 0.20 ± 0.07 0.30 ± 0.20
An, p.u. 0.19 ± 0.07 0.28 ± 0.12 * 0.24 ± 0.08 0.32 ± 0.18
Am, p.u. 0.19 ± 0.05 0.28 ± 0.14 0.27 ± 0.13 0.27 ± 0.12
Ar, p.u. 0.20 ± 0.03 0.28 ± 0.10 * 0.24 ± 0.04 0.23 ± 0.06
Ac, p.u. 0.26 ± 0.04 0.45 ± 0.13 * 0.39 ± 0.06 0.54 ± 0.31

*—The significance of the difference between the values of control group and patients was confirmed with p < 0.05
according to the Mann–Whitney U test.

Both upper and lower extremities show significantly lower values of microcirculation
and nutritive blood flow. Whisker boxes for these parameters are shown in Figure 6.

Figure 6. Box plots of the index of microcirculation and nutritive blood flow measured in wrists
(left panel) and shins (right panel).*—The significance of the difference between the values was
confirmed with p < 0.05 according to the Mann–Whitney U test.
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An increase in overall oscillatory blood flow activity was also noted in both upper and
lower extremities, with statistically significant differences in the neurogenic, respiratory
and cardiac ranges in wrists. Whisker boxes for the respiratory and cardiac oscillations
measured in wrists are shown in Figure 7.

Figure 7. Box plots of the respiratory and cardiac oscillations measured in wrists. *—The significance
of the difference between the values was confirmed with p < 0.05 according to the Mann–Whitney
U test.

4. Discussion

In the present work, we obtained experimental data, which confirm the presence of
microcirculatory bed dysfunction for a long period after the recovery from COVID-19.
The first part of the study, which included daily measurements of one volunteer for 10 days
before his disease and almost a month after the recovery, showed that after a month the
parameters did not recover to their original values.

This stage of the studies revealed a decrease in the myogenic activity of microcir-
culation in the upper extremities. It is worth noting that the changes in the patterns of
peripheral blood flow oscillations in the post-COVID phase have not yet been studied
in detail. Myogenic oscillations play an important role in the process of oxygen delivery
to biological tissues [34]. A decrease in myogenic oscillations leads to an increase in the
dynamic resistance of microvessels and, as a consequence, to a decrease in the nutritive
blood flow. Combined with the observed decrease in neurogenic regulatory activity, this
change may indicate the activation of blood flow shunt pathways. In addition, some studies
show that high temperature can inhibit vasomotion [35,36], so the decrease in myogenic
activity revealed in our study may be a consequence of the high body temperature of the
patient during the period of the disease.

The period immediately after the recovery from COVID-19 in this study was also
characterized by decreased values of respiratory and cardiac microcirculatory oscillations
in both upper and lower extremities (with significant differences in legs). In this case,
dynamic observations show that cardiac fluctuations are reduced immediately after the
disease, and respiratory fluctuations change during the week after the recovery.

Another interesting observation of this study was the increased amplitude of endothe-
lial oscillations in the post-COVID phase and the dynamics of these changes. Numerous
studies demonstrate endothelial dysfunction as one of the main pathogenic mechanisms of
COVID-19 [37,38], which can persist for more than 12 months after the recovery. Studies
also show that long COVID-19 symptoms, especially nonrespiratory symptoms, are due to
persistent endothelial dysfunction [39]. In our work, we observed increased amplitudes of
these fluctuations both in the early stages of recovery from the disease and in the later stages
(in the second phase of the study), although these differences did not reach a statistically
significant level.

In a group of patients undergoing rehabilitation after COVID-19, the most interesting
observation in the amplitude–frequency spectrum of the LDF signal, in our opinion, was an
increase in the amplitude of neurogenic oscillations. A decrease in neurogenic tone leads to
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the dilation of the arterioles [40,41] and, consequently, the amplitude of cardiac oscillations
significantly increases (which we can observe in our study).

The lumen size of skin arterio-venous anastomoses (AVA) is regulated exclusively
by neurogenic mechanisms, so we can assume that they also expand amidst the decrease
of neurogenic tone. The dilation of AVA leads to arterio-venous shunting of the blood
bypassing the capillary channel, which explains the significant decrease of Imn, a de-
crease of the number of functioning capillaries [13,14], reduction of perfusion (Im) and
venular overflow due to arterial blood discharge that in its turn leads to the dilation of
venules [40,41] and a significant increase of the amplitude of respiratory-driven blood flow
oscillations amplitude.

Study Limitations

The present study was conducted on a small group of patients, some of whom had
comorbidities, so there is no certainty that the results will be true for the broader study
population. The data obtained, however, should be taken into account for the development
of new diagnostic criteria in assessing the degree of microcirculatory disturbances and
rehabilitation processes in recently recovered patients. There is a need for additional studies
with a larger group of patients, including patients with different courses of COVID-19
(mild, moderate, and severe disease).

Despite the already three-year history of coronavirus infection and the undoubted
advantages of the LDF method for diagnosing microcirculatory disorders, there are almost
no studies devoted to spectral analysis of LDF signal in COVID-19 pathology. In this pilot
study, we demonstrated the possibilities of laser Doppler flowmetry coupled with the
wavelet analysis of the obtained signals to detect microcirculatory disorders in patients
who have undergone COVID-19 that makes it a promising tool for future research and
assessment of the dynamical changes in microcirculation during the recovery process.

5. Conclusions

The present work demonstrates the use of laser Doppler flowmetry and peripheral
blood flow oscillations analysis to diagnose vascular disorders in patients who have under-
gone COVID-19 in their early and advanced stages of recovery. Our work demonstrated a
significant increase in the amplitude of neurogenic oscillations in the upper extremities of
patients undergoing COVID-19, which, as we suggest, may be a factor preceding dilation
of arterioles and venules and redirection of microcirculatory blood flow from the nutritive
to the shunt pathways.

The obtained data show that optical noninvasive technologies have the potential for
further application, but more research is needed to fully understand the changes in the
mechanisms of blood flow regulation that occur after an infection.
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